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The effectiveness and economic aspect of Locational Marginal Price (LMP) 
formulation to deal with the power trading in both Day-Ahead (DA) and Real-Time (RT) 
operation are the focus of not only the system operator but also numerous market 
participants. In addition, with the ever increasing penetration of renewable energy being 
integrated into the grid, uncertainty plays a larger role in the process of market operation. 
The study is carried out in four parts. 
In the first part, the mathematical programming models, which produce the 
generation dispatch solution for the Ex Post LMP, are reviewed. The existing approach 
fails to meet the premise that Ex Post LMP should be equal to Ex Ante LMP when all the 
generation and load combinations in RT operation remain the same as in DA market. 
Thus, a similar yet effective approach which is based on a scaling factor applied to the Ex 
Ante dispatch model is proposed. 
In the second part, the step change characteristic of LMP and the Critical Load Level 
(CLL) effect are investigated together with the stochastic wind power to evaluate the 
impacts on the market price volatility. A lookup table based Monte Carlo simulation has 
been adopted to capture the probabilistic nature of wind power as well as assessing the 
probabilistic distribution of the price signals. 
In the third part, a probability-driven, multilayer framework is proposed for ISOs to 
schedule intermittent wind power and other renewables. The fundamental idea is to view 
the intermittent renewable energy as a product with a lower quality than dispatchable 
power plants, from the operator’s viewpoint. The new concept used to handle the 
 
 v 
scheduling problem with uncertainty greatly relieves the intensive computational burden 
of the stochastic Unit Commitment (UC) and Economic Dispatch (ED).  
In the last part, due to the relatively high but similar R/X ratio along the radial 
distribution feeder, a modified DC power flow approach can be used to simplify the 
computational effort. In addition, distribution LMP (DLMP) has been formulated to have 
both real and reactive power price, under the linearized optimal power flow (OPF) model. 
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1 INTRODUCTION AND GENERAL INFORMATION 
1.1 Deregulation and Locational Marginal Price (LMP) 
Economic deregulation and restructuring in markets for electricity has been one of the 
most controversial initiatives in many jurisdictions. The three main components of the 
electricity market are generation, transmission and distribution. In the past, network 
effects and substantial construction and maintenance costs led many to consider these 
sectors to be natural monopolies.
 
As a result, many jurisdictions chose to vertically 
integrate these segments into a government or private monopoly.  
Before deregulation, electric utilities took a vertically integrated approach to optimize 
their power system which means one company provided generation, transmission, and 
distribution to customers. In a deregulated market, the generation function has been 
separated but the utilities still provide the transmission and distribution as mandated by 
the Federal Energy Regulatory Commission under Order Number 889. This is to prevent 
the abuse of monopoly power governments commonly imposed price controls and rate of 
return regulation. 
1.1.1 Independent System Operator (ISO) and Regional Transmission Operator 
(RTO) 
Under the deregulation and restructuring of the electricity market, the physical network is 
being operated as a fair and open platform for generators and loads to carry out the electricity 
trade. Therefore, the Federal Energy Regulatory Commission (FERC) issued an order in 2000 
to create non-profit organizations, called Independent System Operator (ISO) or Regional 
Transmission Organization (RTO), to organize regional power systems to ensure non-
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discriminatory transmission services to generation companies (GENCOs) and bilateral 
transactions. An ISO or RTO is committed to providing open and fair transmission access, 
called “Open Access”, and to treating all participants equally. In addition, it is responsible for 
operating the power grid reliably and efficiently. This is achieved through sound market rules, 
proper monitoring and regulation, and timely and accurate information publications, such as 
wholesale market prices. Figure 1 shows a list of existing and proposed RTOs across the 
country. 
 
Figure 1.1. List of existing and proposed RTO configurations 
1.1.2 Different Types of Markets and LMPs 
One of the core functions of ISOs/RTOs is the successful operation of the power market 
within their territories. The power market is generally comprised of different types of markets 
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such as energy market, ancillary service market etc. The energy market is the market where 
the financial or physical trading of electricity takes place. It typically consists of a day-ahead 
market and real-time market.  
Day-Ahead Market 
The major portion of the load is matched by the generation scheduled in the day-ahead 
market, security constrained unit commitment (SCUC) and security constrained economic 
dispatch (SCED) are performed on an hourly basis to calculate the price. 
Real-Time Market 
The real-time market is a spot market, aiming to balance the deviations between the 
forecasted load in real-time and the forecasted load in the day-ahead market. SCED is 
performed every 5 minutes to update the price using the latest generation output and load 
status from state estimator.    
In theory, the LMP is the by-product of the SCED problem. Specifically, the LMP at a 
given bus is the shadow price of the power balance equation associated with that bus. 
Furthermore, the LMP can be decomposed into three parts: marginal energy price, marginal 
loss price, and marginal congestion price. These three parts represent the marginal cost 
associated with energy, loss, and congestion, respectively. 
Ex Ante LMP 
In practice, the day-ahead market generates the LMP, called “ex-ante LMP”, because the 
LMP is calculated before the event happens.  
Ex Post LMP 
In the real-time market, besides the calculation of the “ex-ante” LMP, a “post-LMP” 
calculation will be performed, for example, every 5 minutes, to reflect what has actually 
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happened in the market. The calculation respects the actual system conditions and generator 
responses, according to State Estimation results. 
Theoretically, the Ex Post LMP would be the same as the ex-ante LMP, if things go 
exactly as expected or forecasted. In practice, the post-LMP should be close to the ex-ante 
LMP, in most cases. In addition, in a well-designed and operated power market, the ex-ante 
and ex-post LMP are expected to converge over time. Figure 1.2 shows the relationship 












Figure 1.2. Relationship between DA, RT market and Ex Ante, Ex Post LMP 
1.2 Electricity Markets with High Penetration Renewable Energy 
1.2.1 Different Types of Renewable Energy 
Renewable energy, also known as alternative energy, is energy that is produced from 
sources other than our primary energy supply: fossil fuels, coal, oil and natural gas. We 
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have mostly depended on the tree conventional energy resources for our energy needs, 
from home heating and electricity to fuel for our automobiles and mass transportation. 
The subject of renewable energy is becoming front-page news these days because of two 
huge challenges: oil dependency and global warming. There is a great deal of information 
and enthusiasm today about the development and increased production of our global 
energy needs from alternative energy sources. Wind power, solar energy, biomass and 
moving water etc. are all sources of alternative energy that are making progress. Two 
major contributors of the renewable energy are introduced below: 
Wind Power 
Wind Power is derived from uneven heating of the Earth's surface from the Sun and 
the warm core. Most modern wind power is generated in the form of electricity by 
converting the rotation of turbine blades into electrical currents by means of an electrical 
generator. In windmills (a much older technology) wind energy is used to turn 
mechanical machinery to do physical work, like crushing grain or pumping water. 
Dependent upon natural flow of winds, the intensity as well as the changes in direction 
tends to affect its efficiency. 
Solar Photovoltaic 
In terms of abundance, solar energy is the most easily available source of renewable-
energy. The solar rays emitted by the sun are a non-quantifiable and available for use 
both directly and indirectly. The ideal tool to convert the intangible solar energy into a 
usable energy is the photovoltaic cell. Concentrated solar power (CSP), is another 
effective way to convert sunlight into electricity, this technique focuses on taking the 
sun’s rays and placing it into a liquid that heats up and produces steam that spins an 
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electricity producing turbine. This process uses reflective dishes that direct the sun’s rays 
to get the maximum energy. 
1.2.2 Wind Power Characteristics  
In this work, wind power is specifically chosen as an example of intermittent 
renewable energy to carry out the research regarding its impact on the volatility of the 
LMP as well as the scheduling problem. Thus, a more detailed characteristic of the wind 
power is illustrated as follows.   
Reliability 
Modern commercial wind power plants are fairly reliable, which is to say, they are 
not shut off for maintenance or repairs very much of the time. 
Dispatchability 
Dispatchability is the ability of a power plant to be turned on quickly to a desired 
level of output. Due to the highly intermittent nature of the wind blow, wind turbines 
output cannot be guaranteed, thus, wind power plants are not dispatchable. 
Availability 
All power plants must be taken down for maintenance, both scheduled and 
unscheduled. The percentage of time that a wind power plant is not down for 
maintenance and is able to operate is called its availability. Because the wind isn’t 
always blowing, the percentage of time that the machine is actually producing electricity 
will be lower than the availability. Modern wind turbines may have a guaranteed 





Wind power penetration is the amount of energy produced by wind power, as a 
percentage of total energy used, in a given region. In the United States as a whole, the 
wind power penetration is a small fraction of a percent, specifically, around 2.9% in the 
year of 2011 [1]. 
As is shown in Figure 1.3, almost ¾ of the United States is covered with wind power 
generation. Wind power in Texas consists of many wind farms with a total 
installed nameplate capacity of 10,377 MW from over 40 different projects 
[2]. Texas produces the most wind power of any U.S. state, followed by Iowa with 
4,322 MW. Wind power accounted for 6.9% of the electricity generated in Texas during 
2011. The wind boom in other states has followed similar pattern by the expansion of the 





Figure 1.3. Distribution Map of Wind Power Capacity 
1.2.3 Challenges and Research Interests of Increasing Wind Power Penetration 
The increasing penetration of wind power in the electricity grids leads to the need of a 
better understanding of the wind power forecast error and if possible, its reduction. 
Obviously, with rising penetration levels, the impact of wind generation on the electrical 
energy system must be taken into account. 
Let’s take a quick view of several impacts on which the increasing wind power 
penetration will have: 
Generation Side: The total amount of power supply available during peak load 
situations is subjected to change. In another word, when the investigated time frame 
moves to several years, the generation adequacy becomes a challenge with higher 
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penetration wind power. This aspect of the impact is associated with static conditions of 
the system. The research interests focuses on the estimation of the required generation 
capacity as well as the system load demand and the maintenance needs of production 
units. In addition, the criteria that are used for the adequacy evaluation include the loss of 
load expectation (LOLE), the loss of load probability (LOLP) and the loss of energy 
expectation (LOEE), for instance needs a closer look and dedicated study.  
Transmission Side: Another consequence of the increasing wind power penetration 
is the transmission adequacy problem, which consists of two sub-problems: one is the 
adequacy of total transmission capacity and the other is the lack of transmission 
infrastructure between some wind power hubs and the load centers. The impacts of wind 
power on transmission depend on the location of wind power plants relative to the load, 
and the correlation between wind power production and load consumption. Wind power 
affects the power flow in the network. It may change the power flow direction, reduce or 
increase power losses. There are a variety of means to maximize the use of existing 
transmission lines like use of online information (temperature, loads), FACTS and wind 
power plant output control. However, grid reinforcement may be necessary to maintain 
transmission adequacy. When determining the reinforcement needs of the grid, both 
steady-state load flow and dynamic system stability analysis are needed. 
Power System Stability: Different wind turbine types have different control 
characteristics and consequently also different possibilities to support the system in 
normal and system fault situations. More specifically this is related to voltage and power 
control and to fault ride through capability. The siting of wind power plants relative to 
load centers will have some influence on this issue as well. For system stability reasons, 
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operation and control properties similar to central power plants are required for wind 
plants at some stage depending on penetration and power system robustness. 
In this work, since the main focus of the study is on market operation and LMP 
related, last but not the least, the impact that comes with the increasing wind power 
penetration, is on how the variations and prediction errors of wind power change the unit 
commitment and economic dispatch and how the conventional capacity is run due to 
production variability and prediction errors of wind power. The impact Analyzing and 
developing methods of incorporating wind power into existing planning tools is 
important, to take into account wind power uncertainties and existing flexibilities in the 
system correctly. The simulation results give insight into the technical impacts of wind 
power, and also the technical costs involved.  
Figure 1.4 presents the market operation timeline and the potential use of forecasting 
for wind power producers as well as system operators [3]. It can be seen that the 
forecasting error will appear influential in the process of unit commitment and economic 




 Figure 1.4. Market operations timeline (based on Midwest ISO) and potential use of 
forecasting for wind power producers and system operators [3] 
 
Overall, the challenges and research interests that are brought by the high penetration 
of wind power in the LMP market are as follows:   
 Forecast errors of wind power can result in high imbalance costs in electricity 
markets.  
 Analyzes on how current market mechanisms affect wind power producers are 
also important.  
 Analyzes on new market framework that enables efficient and effective 




1.3 Contributions of This Work 
This work firstly demonstrates a potential issue in the present common practice of Ex 
Post LMP modeling, which sets the lower and upper bounds for qualified units at -2.0 
and +0.1 MW, respectively. If the bounds are changed, the marginal units may change, 
leading to different LMP results. Plus, the LMPs may be different from the Ex Ante 
LMP, even if the generators and loads perform exactly the same as dispatched in the Ex 
Ante model. Evidently, this practice lacks theoretic justification. A straightforward, yet 
effective, solution is proposed to address this issue through a small scaling factor to scale 
down the Ex Ante model. The results are verified. 
Then, a systematic methodology using Monte Carlo simulations (MCS) is presented 
to investigate the impact to market price volatility considering the intermittent nature of 
the wind power generation. Correlations among different wind plants are modeled. A 
lookup table is proposed to speed up the basic, brute-force MCS approach. The 
combination of mathematical tool and the wind speed error distribution model into the 
lookup table-based Monte Carlo simulation enables a quantitative assessment of the 
impact of wind uncertainty to electricity price. Test results based on the different test 
systems not only verify the computational efficiency of the lookup-table-based MCS but 
also verify the expectations and conclusions.  Other contributions include the observation 
of the impact to market price uncertainty due to wind forecast error and the impact of 
wind correlation across different wind farms.  
With better and simple market design in purpose, under increasing penetration of 
renewable generation, a probability-driven, multi-layer framework to schedule the 
intermittent wind energy under high penetration is proposed. The key idea is to consider 
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generation sources with different reliability, or probability of availability, as different 
“quality” of services. Multiple layers are established for buyers and sellers to trade 
electricity of different “quality” in the DA or HA market when the availability of future 
generation is subject to different probability. An analogy of the proposed framework, i.e., 
trading at different layers for different “quality” levels of electricity supply, is the 
shopping at different stores such as department stores and supermarkets for commodities 
of different quality. Within a layer, we still have multiple generators to compete for the 
same group of loads. This is similar to the case that there are many different department 
stores competing for consumers willing to pay more for higher quality products, while we 
also have many supermarkets targeting lower end consumers.  
The proposed framework is naturally and implicitly integrated with the ongoing 
efforts of demand response (a.k.a. controllable loads or responsive load) and smart grid. 
This provides both buyers and sellers the opportunity to trade electricity at different 
levels of “quality”. A simple case study without transmission networks is presented to 
illustrate the basic concept. In addition, the probability-driven, multi-layer framework has 
been extended to include the model of transmission constraints.  
Finally, a nodal pricing scheme which considers both real power price and reactive 
power price has been proposed by adopting the philosophy of a modified DC power flow 
approach. Detailed derivation of the DLMP components is given. The simulation results 
illustrate the applicability of the linearized method in the radial distribution system with 
similar R/X ratio along the feeders. Furthermore, the case study with and without DG 
placement are both performed to show the effectiveness of the model in increasing the 
DG revenue as well as reducing the system loss. 
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1.4 Organizations of the Dissertation 
Chapter 2 is a literature review relevant to this work.  
Chapter 3 presents an improvement over an unjustified Ex Post LMP calculation 
approach. The mathematical programming models, which produce the generation 
dispatch solution for the Ex Post LMP, are reviewed. The existing approach fails to meet 
the premise that Ex Post LMP should be equal to Ex Ante LMP when all the generation 
and load combinations in RT operation remain the same as in DA market. Thus, a similar 
yet effective approach which is based on a scaling factor applied to the ex ante dispatch 
model is proposed, this is a correction to ensure the identical LMPs at ex post and ex 
ante, as well as enabling ex post LMP to justly serve its original purpose. 
In Chapter 4, the step change characteristic of LMP and the Critical Load Level 
(CLL) effect are investigated together with the stochastic wind power to evaluate the 
impacts on the market price volatility from the intermittent wind power. A lookup table 
based Monte Carlo simulation has been adopted to capture the probabilistic nature of 
wind power as well as assessing the probabilistic distribution of the price signals. Rules 
of thumb are drawn regarding the probabilistically calculated LMP and the correlation 
coefficients. These can serve as valuable guideline to help the market participants better 
making strategy in terms of bidding. 
In Chapter 5, a probability-driven, multilayer framework is proposed for ISOs to 
schedule intermittent wind power and other renewables. The fundamental idea is to view 
the intermittent renewable energy as a product with a lower quality than dispatchable 
power plants, such as thermal or hydro plants, from the operator’s viewpoint. The 
proposed scheduling framework has been studied on a modified PJM 5-bus system with 
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the consideration of the transmission constraints. Overall, the new concept that is used to 
handle the scheduling problem with uncertainty greatly relieves the intensive 
computational burden of the stochastic Unit Commitment (UC) and Economic Dispatch 
(ED). 
In Chapter 6, a location based pricing methodology is proposed to encourage DG 
participation in the distribution systems. The model adopts a modified DC power flow 
approach to address the relatively high R/X ratio along the feeders with reduced 
computational effort.  The unified R/X ratio assumption leads to a possible extension of 
the branch based linearized model in the optimal power flow problem, in which both the 
real and reactive power price of distribution LMP are derived. 
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2 LITERATURE REVIEW 
 
This chapter presents the review of the past and on-going research findings relevant 
to this work.  
2.1  Ex Post LMP Calculation 
Ex Post LMP is used to settle the real-time market, i.e., prices that are computed after 
the operating period is over. There are several ISOs/RTOs adopting Ex Post LMP 
methodology like PJM, ISO New England, Midwest ISO [4]. However, there is very few 
literature discussing the detailed formulation and specific parameter setting in the Ex Post 
LMP model. In [5], the author gives an overview of the Real-Time LMP calculation in 
the PJM market. The overview includes the concept, data model input and mathematical 
formulation. Contrary to Ex Ante LMP calculation which takes hourly bids from both 
generation and loads, the Ex Post LMP is produced by the actual power flows and output.  
State estimator provides the initial power flow solution that is required as input to the 
LMP calculation. 
A set of data is taken into account in the LMP calculation modules:  
• Accurate model of the actual operating conditions that exist on the PJM power grid; 
• Complete description of all external transactions; 
• Full set of offer data from generating resources; 
• Set of dispatchable transactions; 
• List of binding transmission constraints; 
• Economic dispatch instructions; 
• Log of dispatching instructions. 
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[5] also depicts the functional diagram of PJM LMP model as shown in Figure 2.1. 
The main modules of the PJM LMP model are state estimator, LPA preprocessor, 
locational price algorithm (LPA) and unit dispatch system (UDS). Ex post prices are 
produced by separate model from the UDS known as the LMP Calculator. At the end of 
each interval, the LMP Calculator re-calculates dispatch quantities and prices using 
inputs that are different in several respects from the inputs used by UDS. For each 
flexible resource, a “real-time offer price” is used in place of its offer curve. For a 
resource following dispatch instructions, its’ “real-time offer price” equals the Ex Ante 
price at its location or, if it is operating at its maximum output level, the offer price 
corresponding to its’ actual production level. 
 
Figure 2.1. Functional diagram of PJM LMP model [5] 
 
Ex Ante LMP is consistent with the cost-minimizing set of dispatch instructions. The 
prices are set to levels that give generators an incentive to follow their dispatch 
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instructions. Hence, consistency between the Ex Ante and Ex Post LMP is important for 
ensuring that suppliers have the incentive to follow the Ex Ante dispatch instructions. 
Thus, the Ex Post LMP is handled by an incremental linear programming model. 
Another literature that discuss the detailed Ex Post Pricing model proposes an co-
optimized schema to consider both ex post energy prices and ex post reserve prices [6]. 
The ex post energy and reserve prices are calculated in a de-coupled way. The ex post 
energy prices are calculated first with the consideration of ex ante marginal opportunity 
cost of reserve that is a function of the ex ante clearing prices for reserve products, then 
the ex post reserve prices for all locations are computed using the ex post marginal 
opportunity cost of energy that is determined by the ex post energy prices.   
2.2 Wind Power Impact on Power System  
Wind Speed/Power Forecasting Error  
First of all, intermittency or uncertainty remains a major challenge for wind power 
integration from the system viewpoint due to the difficulty of accurate forecasts of MW 
output. Although results depend on many factors, a typical wind power forecast error is 
approximately 10% for hour-ahead, 15% for 12-hour-ahead and over 20% for 24-hour-
ahead forecasting, and even higher for a longer term scheduling. [7] describes very short-
term wind prediction for power generation utilizing a case study from Tasmania, 
Australia. Adaptive neuro-fuzzy inference system (ANFIS) is used to forecast wind speed 
2.5 minutes ahead with a 4% mean absolute percentage error. [8] presents the 
development and simulation results of an autoregressive model using a Bayesian 
approach to perform hour-ahead wind speed forecasting with a 16.4% root mean square 
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error. [9] develops a new wavelet coefficient predictor technique to forecast wind speed 
up to 24 hours. The study results obtained from the Colorado Public Service Company 
sites reveals a huge improvement over the traditional persistence model, yet subjected to 
an overall 20% error. [10] presents a novel technique based on Radial Basis Function 
(RBF) network using the orthogonal least-squares (OLS) algorithm to predict the average 
hourly wind speed, around 12 to 13 percent of the forecasting error has been observed. 
There are many other forecasting technologies being developed and applied to the realm 
of wind speed forecast, the results show similar error percentage in different time frame.  
Although many new wind speed forecasting techniques have been applied to improve the 
forecast accuracy, it is likely that the forecast errors will remain high or show only 
marginal improvement, as the wind power projection error is closely related to weather 
forecasts, which have been subject to the similar accuracy problems for decades. [11] 
presents an Adaptive Neuro-Fuzzy Inference System (ANFIS) model that can be used in 
short term wind power forecast, the model offers improvement over persistence model 
for 5 minute ahead predictions of the total wind farm power output. 
There are also needs to know the distribution of wind speed and wind power forecast 
error. [12] shows the normal quantile of wind speed forecasting error to prove that the 
wind speed forecasting error is in line with the normal distribution. It serves as a good 
starting point for those researchers who don’t have access or resources to the real world 
wind speed data to analyze the impact of uncertain wind from a theoretic point of view. 
[13] presents an analysis of the wind retrieval error distribution for wind estimates based 
on backscatter measurements made by the NASA Scatterometer. The wind speed forecast 
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error itself is independent of the true wind speed and direction. Besides, details for wind 
vectors with true wind speeds from 3 to 33 m/s and true wind directions from 0 to 360 
degree reveal that the wind speed forecast error can be characterized by a normal 
distribution. 
In theory, wind speed is converted to wind power following wind turbine power curve 
[14], the typical nonlinear characteristic of the power curve will result in a different 
distribution of the wind power forecast error compared with the normal distributed wind 
speed forecast error. [15] investigates the uncertainty of wind power forecasts with a 
particular focus on the role of the power curve in propagating the uncertainty of the wind 
speed prediction to the power prediction. The results show an obvious transformation of 
the Gaussian distributions of wind speed prediction errors into strongly non-Gaussian 
asymmetric distributions of power prediction errors.  
Wind Power and Power System Operation 
Wind power is a promising clean generation resource at the utility scale. The impact 
of wind power on power system operation has been extensively studied. Some of the 
assumptions and methodologies for power system study are no longer valid with 
increasing amount of wind penetration and new methodologies have been devised [16].  
[17] presents a probabilistic methodology for estimating the energy costs in the market 
for wind generators associated with wind prediction errors. Results have shown that the 
error prediction costs can reach as much as 10% of the total generator energy incomes. 




In practice, uncertainty of wind power has already been a concern in several areas in 
the US, e.g., California and Texas, for competitive market operation [19]. Since the day-
ahead energy market trading clears approximately 80-90% of the load in real-time, the 
uncertainty in wind forecasting may cause a large mismatch in real-time operations. 
Wind energy is projected, or least desired, for up to 20% of the peak load by 2030 in the 
U.S. [20]. Also, the electricity price risk would be exposed to rise with increasing wind 
penetration [21]. [22] shows that the wind power can produce substantial savings in terms 
of fossil fuel costs to a large scale utility grid. But the main drawback of wind power is 
its variability and unpredictability which, at penetrations above 15%, imposes a cost 
penalty above that of an equivalent conventional power source. Reference [23] concludes 
that wind power prediction has an impact on electricity market prices and inaccurate 
power prediction can either result in underestimated or overestimated market prices, 
which would lead to either savings to customers or additional revenue for generator 
suppliers. But the authors did not provide any relations between the market price and the 
wind power forecasting error. 
At this level, an efficient methodology to assess the impact on price volatility will be 
of greater interest for market participants and short-term system planners. There are very 
few papers attempting to address the following basic research questions: 
 What is the appropriate and efficient approach to model the probabilistic 
distribution of the market price corresponding to the wind speed uncertainty?  
 What is a good “rule of thumb” for impact on market price from wind speed 
uncertainty? 
 What is the appropriate correlation model of the MW output among different 
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wind plants?   
2.3 Critical Load Level (CLL) 
LMP forecasting has been a popular research area and is also the majority of the work 
associated with the market status prediction. Since the price signals play an important 
role for the market operators as well as participants, it is always helpful to make strategic 
decisions when being fully aware of the factors that might impact the price signals. In this 
case, generation, load, transmission congestion are all contributing factors to cause the 
market price to fluctuate. Any uncertainty that is imposed on each source will lead to 
changes on the actual dispatch result as well as the market price.   
In addition, though hardly noticeable when evaluating LMP fluctuation over long 
period of time, e.g., 24 hours or more than 1 month, system status also impacts the LMP 
trend. This effect becomes especially significant in shorter time frame, say, 1 hour. 
Previous researches [24] have shown the locational marginal price has a step change 
characteristic. A new term called critical load levels (CLLs) has been introduced to 
indicate a sudden price change as a new binding transmission or generation constraint is 
reached. CLLs can be valuable for market participants in several ways. Firstly, there is no 
extra effort needs to make in order to get information to predict CLLs, the generation 
portfolio, loading condition, system topology etc. are easy to access. Second, CLLs can 
almost represent all the possible price spikes. One can easily hedge their risk of being 
exposed to the price spikes by predicting the possible CLLs. In order to embrace the 
uncertain nature of the generation and load change, [25] presents a concept called 
probabilistic LMP forecasting considering load uncertainty. The complexity of the 
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probabilistic LMP is due to the observation of critical load levels (CLLs). This is 
depicted in Figure 2.2 for a modified PJM 5-bus system, in which A to E stand for five 
different buses [25]. The literature starts with the assumption of normal distribution of 
actual load, proposing alignment probability to deliver information of how likely the 
actual result from the probabilistic LMP is acceptable if compared with the deterministic 
LMP. Wind power must be subject to dispatch rules (i.e., OPF with constraints modeled) 
instead of being simply treated as a negative load. The probabilistic constrained OPF 
problem is normally computational intensive and difficult to get a feasible solution. The 
probabilistic perspective in [25] proves to be effective and efficient approach to analyze 
uncertainty  impact toward LMP in the market framework. 























A B C D E
 





2.4 Stochastic Wind Scheduling Problem 
With the increasing penetration of intermittent wind power, traditional transmission-
constrained model should provide a mathematical foundation for generation scheduling. 
The model should be enhanced to include the uncertain characteristics of wind power. 
Various solutions have recently been presented to address the different aspects in 
integrating intermittent wind power, such as unit commitment [26-34], economic dispatch 
[18], [35, 36], ancillary service [37-39], and other operational impacts [40-42].  
Unit Commitment (UC) 
[26] proposes a new simulation method that can fully assess the impacts of large-
scale wind power on system operations from cost, reliability, and environmental 
perspectives. However, the author has not listed the detailed objective and constraints of 
the optimization problem. [27] presents a simulated annealing approach combined with 
stochastic searching technique to provide coordination of wind and thermal generation 
scheduling problem. [28] proposes a stochastic long-term security-constrained unit 
commitment formulation for representing uncertainties in the availability of generation 
units and transmission lines, and inaccuracies in load forecasting. The total CPU time is 
30h for solving case with an already reduced scenario. [29] presents a ANN model for 
wind generation forecast and proposes a new concept to integrate the wind resource 
capacity into UC scheduling. [30] develops a hybrid dynamic programming to solve the 
wind-thermal generating unit commitment problem. [31] presents short-term forward 
electricity market-clearing problem with stochastic security capable operation. Similar to 
[28], [32-34] all use stochastic programming to model the variability of wind power in 
the unit commitment process, with different objectives and constraints.  
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Economic Dispatch (ED) 
There are literatures on economic dispatch model with wind power. [35] describes an 
economic dispatch algorithm with fuzzy constraints to model the magnitude of wind 
penetration and the variation of running costs. However, neither has distributional data 
been used in terms of wind speed or wind power nor has case study been provided. [18] 
use Weibull distribution to model the probabilistic attributes of wind speed, then the 
random variable has been plugged into the traditional ED problem to analyze the impact 
of wind power uncertainty to the operational cost. [36] presents an OPF program with 
two modifications for solving wind-thermal coordination problems, the first 
modifications are the inclusion of the additional costs of managing wind intermittency to 
the objective function while the second modification illustrates the modeling of wind 
driven generators as induction machine.   
Ancillary Service (AS) 
Technically, scheduling and dispatch is one kind of ancillary service. Along with it, 
there are other different kinds of ancillary services such as reactive power and voltage 
control, loss compensation, load following etc. All of them are indispensable to help 
maintain the reliable operations of the interconnected transmission system. [37] develops 
a generalized reactive power cost model considering the capability curve and maximum 
hourly variation of wind power from wind farms. [38] presents an evolutionary iteration 
particle swarm optimization (EIPSO) algorithm to solve the nonlinear optimal scheduling 
using wind-thermal power as spinning reserve. [39] focuses on determining the spinning 
reserve requirements considering errors in the wind power generation and load forecast. . 
As a matter of fact, if wind has a 20% penetration of energy, the capacity percentage 
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would be even higher than the typical operating reserve at approximately 10%. Thus, it is 
not economical to use the major portion of wind power for ancillary service. Since the 
short-run cost for wind power is cheap, we should maximize its production for energy 
market rather than wasting it or using it conservatively as reserve in the ancillary service 
market. 
Last but not the least, operational impacts of wind power integration has been studied 
[40-42], investigating from minimizing the imbalance cost from wind power trading to 
impact of wind generation control strategies, penetration level and installation location. 
2.5 Nodal Pricing in Distribution System 
While Locational Marginal Price (LMP) being widely accepted by a number of 
ISOs/RTOs in the transmission system to clear the Day-Ahead market and Real-Time 
market, the potential extension to distribution system has rarely been talked about. 
Distribution system is known for its relatively high R/X (Resistance versus Reactance) 
ratio and its radial topology. Distribution lines (a.k.a. feeders) are the ones that run 
through a neighborhood serving individual customers along the way. Distribution 
voltages are in the range of 4 kV to 34 kV. The voltage is stepped down the customer's 
utilization voltage through the use of transformers. Typical feeder loads are a few 
hundred amps.  
First of all, different from the transmission power flow problem, the distribution 
power flow analysis has two major focus, steady state balanced power flow analysis [43-
47] and three phase unbalanced power flow analysis[48-52]. The former ones can be seen 
as an alternative approach to deal with high R/X ratio and the weakly meshed 
 
 27 
characteristics of the distribution system when traditional methods like implicit Z-bus 
Gauss, Newton-Ralphson, fast decoupled power flow might encounter convergence issue, 
e.g., of which the most common one is called back/forward sweep method. The latter 
ones have extended the one phase voltage, current, complex power expression to three 
phase analysis while sharing similar algorithms.  
Aside from the power flow problem in distribution system, the optimal power flow 
problem and loss allocation starts to arise some interest later on. [53] presents allocation 
of energy losses to consumers connected to radial distribution networks in a deregulated 
environment, investigating the actual contribution of real power loss by each consumer. 
A detailed comparison of the “Exact Method” with pro rata, quadratic allocation and 
proportional allocation are also presented in the paper. [54] addresses the allocation of 
losses in distribution networks with embedded generation. The authors look into the 
nonlinear nature of the issue, the loss changes due to voltage variation and, specially, the 
contribution of embedded generation to loss variation. Then a two steps approach is 
based on tracing the real and imaginary parts of the currents is proposed. 
Until 2006, Sotkiewicz, P. M et al. [55] has brought the nodal pricing concept to the 
distribution level. The author formulates the problem very similar to the traditional 
optimal power flow in the transmission level, with the objective function being the 
minimization of the total generation cost  and power balance constraint. The nodal price 
at the power supply point is used to obtain the real and reactive power price at each node. 
The concept of having two different prices is fresh and clear but the derivation of the 
marginal loss coefficients and solution steps remains vague for the readers. Simulations 
considering DG penetration are also presented to illustrate the benefit of DGs in terms of 
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reducing loss. It is also said that the nodal price will increase the DG revenue than the 
traditional λ pricing method. Other literatures [56, 57] following the same pricing 
mechanism mainly focused on the optimal allocation of DG and its loss reduction, 
voltage improvement phenomenon. The other alternative approach to determine the 
locational marginal price for distribution system has been introduced in [58]. An iterative 
game theory based method remunerating DG units for their participation in reduced 
amount of energy losses is proposed, claiming to have several advantages such as zero 
merchandising surpluses, lower total loss and the ability to represent as an economical 







3 EX POST LMP CALCULATION  
This chapter first describes the formulation of the Ex Post LMP calculation in the 
existing practice. Then it is shown that the practice is unjustified with the choice of the a 
small constant range, typically from -2.0 MW to +0.1 MW, to define generator’s lower 
and upper bounds. Finally the possible improvement of the Ex Post LMP model is 
proposed using a simple yet effective approach which is based on a scaling factor applied 
to the ex ante dispatch model. If the generation dispatches at ex post is the same as 
scheduled at ex ante, the identical LMPs at ex post and ex ante will be ensured. Also, the 
Ex Post LMP results will not be changed if a different scaling factor is applied. 
3.1 The Existing Approach of the Ex Post Model 
3.1.1 Formulation of the Unjustified Model 
Ex Ante and Ex Post are the two primary approaches used to calculate LMP in real 
time [4-6] based on the linearized DCOPF model [24, 59]. In the Ex Ante model, the 
generation dispatches and LMPs are obtained from the same optimization model. In the 
Ex Post model, the dispatch is performed at ex ante, while the LMP is calculated after the 
cycle of the spot market, i.e., at ex post such as after the hourly or 5-minute real time 
market, using an incremental dispatch model. The Ex Post LMP model, which has been 




































, for k = all congested lines (3.3) 
maxmin
iii GGG  , for all qualified generators (3.4) 
maxmin
iii DDD  , for all participating loads. (3.5) 
In (3.1)-(3.5), Ci represents generation costs; ∆Gi represents the output of the 
hypothetical incremental generators; ∆Di stands for the dispatchable loads, representing 
demand management and net export at various buses; and di represents the associated 





 are the lower and upper bounds assigned to the hypothetic incremental units. 




 can be set to 





 represent the bounds of the hypothetical 
dispatchable loads. If the loads are not flexible, then ∆Di can be set to ∆Di
max
, which can 
be a very small value, or simply 0. 
Typically, the Ex Post model penalizes generation units that do not perform close 
enough to the dispatched amounts by removing them from the Ex Post model [4-6]. 
Nevertheless, if the generators and loads perform exactly as instructed, it is expected that 
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the Ex Post LMP should be the same as Ex Ante LMP. However, this research shows that 
this cannot be directly achieved with the common practice of setting ∆Gi
min
= -2.0 MW 
and ∆Gi
max
=0.1 MW, even if the generators and loads all perform ideally, as dispatched. 
3.1.2 An Example to Show the Potential Issue 
In this example, a slightly modified PJM 5-bus system based on [24, 59] is used, as 
shown in Figure 3.1. The impedances of Lines AB, AD, AE, BC, CD, and DE are 2.81%, 
3.04%, 0.64%, 1.08%, 2.97%, and 2.97%, respectively. The only transmission constraint 
is Line DE, which has a 240 MW limit. With Bus D as the slack bus, the GSF values of 
Line DE, w.r.t. Buses A to E, are -0.3685, -0.2176, -0.1595, 0, and -0.4805, respectively. 
The cost, max, and min of each generator are shown in Figure 3.1. It should be noted that 
a minimum generation of 10 MW is applied here such that every generator is dispatched 
at a non-zero value. Otherwise, generators dispatched at 0 MW may not be included as 
qualified generators in the Ex Post model [4-6]. With this 10-MW minimum output, all 
generators will be included in the Ex Post model to avoid possible confusion. 
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Table 3.1. Results from the Ex Ante dispatch. 
Bus A B C D E 
Bus Gen. 210.0000 - 10.0000 109.3963 570.6037 
LMP Energy 35.0000 35.0000 35.0000 35.0000 35.0000 
LMP Cong -19.1744 -11.3202 -8.3015 0.0000 -25.0000 
LMP 15.8256 23.6798 26.6985 35.0000 10.0000 
 
Table 3.2. Results from the Ex Post dispatch (∆Gi
min
 =-2 & ∆Gi
max
 =0.1) 
Bus A B C D E 
Bus Gen. 0.2000 - -0.2195 0.1000 -0.0805 
LMP Energy 39.9427 39.9427 39.9427 39.9427 39.9427 
LMP Cong -22.9654 -13.5583 -9.9427 0.0000 -29.9427 
LMP 16.9774 26.3845 30.0000 39.9427 10.0000 
 
Table 3.3. Results from the Ex Post dispatch (∆Gi
min
 =-2 & ∆Gi
max
 =1) 
Bus A B C D E 
Bus Gen. 2.0000 - -2.0000 0.8698 -0.8698 
LMP Energy 35.0000 35.0000 35.0000 35.0000 35.0000 
LMP Cong -19.1744 -11.3202 -8.3015 0.0000 -25.0000 




The Ex Ante dispatch and LMP results are given in Table 3.4, in which the unit 
outputs in bold font indicate the marginal units (i.e., Sundance at Bus D and Brighton at 
Bus E). It should be noted that the output at Bus A is from two maximum-producing 
generators. 
For the Ex Post model, we first assume that all generators and loads perform exactly as 
dispatched. With demand elasticity ignored and ∆Di being set to ∆Di
max
=0, the Ex Post 
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maxmin
iii GGG   
With ∆ Gi
min
 = -2.0 and ∆ Gi
max
 =0.1, Table 3.5 shows different LMP results from the 
Ex Ante model in Table 3.1. This is not reasonable since the Ex Post LMP should be the 
same as the Ex Ante LMP because generators and loads perform exactly the same as in 
the Ex Ante dispatch. Presently, no documentation exists to state why -2.0 and 0.1 are 
selected as the generation output bounds for the incremental Ex Post LMP dispatch 
model. It is also interesting to observe that if ∆Gi
min
 remains -2.0 while ∆Gi
max
 is 
increased to 1.0, the new results, shown in Table 3.3, will be different from the previous 
Ex Post results in Table 3.2. However, Table 3.3 gives the same LMP as the Ex Ante 
LMP in Table 3.1. Evidently, the present practice of Ex Post LMP is too heuristic and 
lacks theoretic justification and robustness. 
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The issue of the common practice of fixed bounds ∆ Gi
min
 = -2.0 and ∆ Gi
max
 =0.1 can 
be illustrated in another way. Assume that there is no transmission constraint and 
generators perform as dispatched. It can be easily verified that the LMP from (3.1)-(3.5) 
will be always $35, regardless of the system load levels. However, the Ex Ante LMP can 
be $10, $14, $15, $30, or $35, depending on the total system load levels. This clearly 
indicates the necessity to revise the present common practice. 
It should be noted that the actual implementation of the Ex Post LMP in ISOs may 
include heuristic implementation tricks, such as setting some price bounds for Ex Post 
LMP based on Ex Ante LMP results, to reduce the effect of the unjustified generation 
bounds such as in Equation. (3.4), but a more robust and systematic solution is desirable. 
The reason that these “tricks” may not work well can be illustrated with the following 
example: 
 Using [-2, 0.1] gives a set of LMPs that need to activate the “tricks” for some 
modification because the Ex Post LMP is higher than Ex Ante LMP. 
 Using a different bound, [-2, 1], gives a different set of Ex Post LMPs that does not 
need to use the “tricks” for modification. 
 Using a third bound such as [-3, 1.5] gives another set of Ex Post LMPs that may or 
may not be subject to modifications.  
Therefore, it will be difficult to decide which set of LMP values based on different 
heuristic bounds should be trusted and chosen for possible modification or not. The 
implementation tricks may be further complicated to address the above challenge, but this 
is certainly undesired.  
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To address the challenge that the common Ex Post LMP model in (3.1)-(3.5) lacks 
theoretic justification, this chapter presents a systematic approach using a scaling factor 
(epsilon factor) to show a better way to set up generation bounds and other constraints in 
the hypothetical, Ex Post incremental dispatch for LMP calculation in ex post. 
3.2 The Improvement of the Ex Post Model 
3.2.1 A Simple Solution to Fix the Problem 
The above observed issue is created by different generator sensitivities, with respect 





, the marginal generator will be different and therefore, generation 





) lead to different linear programming problems. To 
address this issue, a simple yet effective solution is proposed below.  
In the proposed model, the Ex Ante model is scaled by a very small factor such that 
the same incremental dispatch philosophy is preserved for Ex Post LMP calculation. 
































, for all congested lines (3.8) 
 
maxmin





iii DDD   , for all participating loads. (3.10) 
When compared with (3.1)-(3.5), the above formulation introduces a factor, ε, which 
should be a very small positive number such as 0.001. Here is an important technique in 
(3.8) that each line limit needs to be scaled by ε, rather than being 0 as in (3.3). Hence, 
the model in (3.6)-(3.10) can be viewed as a downscaled problem of the corresponding 
Ex Ante model and gives the same LMP.  
To elaborate this, we may define ∆G’i =∆Gi/ε and ∆D’i =∆Di/ε for (3.6)-(3.10). Thus, 
the Ex Post and Ex Ante models differ only in the objective function by a constant ε. 
They are essentially the same problem leading to the same LMP results if generators and 
loads in Ex Post perform the same as the schedules given in Ex Ante. The details 
showing the equivalence of the proposed model in (3.6)-(3.10) and the Ex Ante model 
can be found in the Appendix.  
Apparently, if ε =1, the model in (3.6)-(3.10) will be the same as the Ex Ante model. 
Nevertheless, a small ε is sensible as the Ex Post philosophy is based on a hypothetical 
incremental dispatch for a small hypothetical load increase, especially if the Ex Post 
generation and load are slightly different from the Ex Ante.  
The invariance of solutions w.r.t. the choice of ε, which is the only factor to define the 
bounds of the hypothetic incremental generation dispatch, shows the robustness and 
justification of the proposed new solution. Additionally, it shows that the new model is 
fairer and more sensible.  
Table 3.4 shows the new LMP at ε=0.001, which is the same as the Ex Ante LMP. 
Also, Table 3.5 shows the new LMP at a different scaling factor ε=0.01, which is also the 
same as the Ex Ante LMP. It can be easily verified that other ε values will give the same 
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LMP with scaled generation output. It should be noted that the dispatch output will differ 
proportionally based on the scaling factor, as shown by the generation dispatches in 
Tables IV and V, as well as the derivation in the Appendix.  
Table 3.4. Results from the proposed Ex Post LMP model (ε =0.001) 
Bus A B C D E 
Bus Gen. 0.2100 - 0.0100 0.1094 0.5706 
LMP Energy 35.0000 35.0000 35.0000 35.0000 35.0000 
LMP Cong -19.1744 -11.3202 -8.3015 0.0000 -25.0000 
LMP 15.8256 23.6798 26.6985 35.0000 10.0000 
 
Table 3.5. Results from the proposed Ex Post LMP model (ε =0.01) 
Bus A B C D E 
Bus Gen. 2.100 - 0. 100 1.0940 5.7060 
LMP Energy 35.0000 35.0000 35.0000 35.0000 35.0000 
LMP Cong -19.1744 -11.3202 -8.3015 0.0000 -25.0000 
LMP 15.8256 23.6798 26.6985 35.0000 10.0000 
3.2.2 Alternative Formulations to Address the Problem 
The equivalence of the proposed Ex Post model in (3.6)-(3.10) and the Ex Ante 
model is discussed as follows. As mentioned in Section 3.2.1, the models differ by a 
scaling factor ε. Here we consider load as rigid (or negative generation sources if 
elasticity is considered) to simply the mathematic formulation.   
Without losing generality, we can rewrite the Ex Ante model as follows:  
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Formulation 1 – The Ex Ante Model  
Min  
i
ii xc (Objective function) 




i Dx  (Energy Balance) 
   bxA

  (Transmission constraints) 
 
maxmin
iii xxx  (Generation constraints) 
where [A] represents the matrix of GSF, b represents the vector of transmission limits, 
and x represent the vector of generation output, for notational convenience. 
Correspondingly, the proposed Ex Post model can be written as follows: 
 
Formulation 2 – The proposed Ex Post model  
Min  
i
ii yc (Objective function) 




i Dy  (Energy Balance) 
   byA

  (Transmission constraints) 
 
maxmin
iii xyx   (Generation constraints) 
where y represents the hypothetical generation dispatch in this new Ex Post model. 
Then, we can define /ii yx  for each i. So, the above Formulation 2 can be re-





Formulation 3 – Equivalent to Formulation 2 
Min  
i
ii xc (Objective function) 




i Dx (Energy Balance) 
   bxA

 (Transmission constraints) 
 
maxmin
iii xxx  (Generation constraints) 
Formulation 3 and Formulation 1 differ only in the objective function by a constant 
value ε. Since multiplication of the objective function by a constant value does not affect 
the solutions of optimal solution, we have xi = xi’ for each i. Also, when we apply a small 
perturbation ( kD ) to Dk, the same new solution optimal solution should be achieved. 
Hence, the solution variations from the previous optimal solutions should be identical, i.e., 




































Next, the LMP will be considered. The LMP at Bus B is a linear combination of 
marginal unit cost weighted by the sensitivity of generation output versus load. Hence, 










cLMP )1( . 
For Formulation 2, we have 
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In summary, Formulations 2 and 1will give the same LMP results regardless of the 
value of the scaling factor ε. It should be noted that the solution of Formulation 2 
proportionally differs from that of Formulation 1 by ε, i.e. xy   . 
3.3 Discussions and Conclusions 
This chapter demonstrates a potential issue in the present common practice of Ex Post 
LMP modeling, which sets the lower and upper bounds for qualified units at -2.0 and 
+0.1 MW, respectively. If the bounds are changed, the marginal units may change, 
leading to different LMP results. Plus, the LMPs may be different from the Ex Ante 
LMP, even if the generators and loads perform exactly the same as dispatched in the Ex 
Ante model. Evidently, this practice lacks theoretic justification. A straightforward, yet 
effective, solution is proposed to address this issue through a small scaling factor to scale 
down the Ex Ante model. The results are verified. 
Future research may include addressing the loss model and investigating the impact 





4 LMP WITH CLL AND CORRELATED WIND  
This chapter presents a methodology to evaluate impacts on the market price 
volatility from the intermittent wind power. The proposed methodology first considers 
the uncertainty of wind power using a probabilistic distribution of wind speed in 
combination with the rated speed-MW curve. The correlation among different wind 
power plants is also modeled. With these statistical models, a Monte Carlo simulation can 
be used to assess the probabilistic distribution of the price signals, i.e., the probabilistic 
LMP distribution. Since the computational effort of Monte Carlo simulation (MCS) is 
intensive, a lookup table is proposed as a preprocessing to greatly simplify the Monte 
Carlo simulation. The proposed approach is tested with the PJM 5-bus system and the 
IEEE 118-bus system. Rules of thumb are drawn regarding the probabilistically 
calculated LMP and the correlation coefficients. 
4.1 Uncertainties Affecting LMP  
4.1.1 Uncertainty Model of Wind Power  
In order to characterize the uncertainty that wind power might bring into market 
operation, the stochastic nature of wind speed should be analyzed. It is a characteristic of 
general wind speed series that variation can be modeled well using a Weibull distribution 
[60]. There are mainly two approaches, persistence model and numerical weather 
prediction (NWP) model, to perform the wind speed forecast. NWP method has proved to 
be more precise than the traditional persistence approach at the cost of more sophisticated 
input variables and significant computational intensity. Still, even for a short-term 
forecast, say from a few hours to one day ahead, the error for wind speed forecast 
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remains at least 5% [7, 22, 61]. Although many new forecasting methodologies [10, 11] 
such as radial basis function network, adaptive neuro- fuzzy inference system (ANFIS) 
model, neural logic network, etc., have been adopted for better prediction, results have 
shown only relatively marginal improvement. Hence, wind forecast errors must be 
considered when its impact to market price signals is studied. This work will apply a 
normal distribution to wind speed forecast error, which has been shown in [13, 15, 62]. 
Wind power output from a wind turbine is strongly related to the wind speed. This 
can be expressed using a classic wind power curve shown as Figure 4.1. 
 





















Figure 4.1. Wind turbine power curve 
It should be noted that wind power cannot be generated under any wind speed. 
Usually, wind turbines are not only designed to start running at a cut-in speed somewhere 
around 3 to 5 meters per second but also programmed to stop at a high cut-out speed, say 
25 meters per second, in order to avoid damaging the turbine or its surroundings.  
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The power curve shows strong non-linearity of power output versus wind speed. It is 
always difficult to make exact forecasts of the wind speed itself. For example, as shown 
in Figure 2, this chapter will use Vestas V90-3.0MW wind turbine as the prototype of 
power curve model to conduct case study, of which the cut-in speed, cut-out speed, rated 
speed and rated wind power are 3.5m/s, 25m/s, 15m/s and 3MW respectively. The power 
curve is obtained by applying a look-up table with the general specification of wind 
turbine in [63]. In the power curve, given region of which the wind speed falls between 
5m/s to 15m/s, initial errors in wind speed forecast will be amplified according to the 
slope of the power curve. If one has a 10% error in forecast around10m/s wind speed, 
then the wind power output may be as much as 33% higher or lower. This could 
dramatically increase the volatility of electricity price for a given wind speed forecast 
error. Furthermore, the power curve will also influence the forecast error of the power 
prediction by transforming the symmetric normal distribution of wind speed forecast 
error into a Beta distribution due to the non-linear wind speed versus power output curve 
[61]. In Figure 4.2, it shows a group of sample data of forecasted wind speed and the 
projected wind power. The x-axis represents the simulated wind speeds for a given 
forecast around 10 m/sec that follow normal distribution with constant mean (10m/s) and 
standard deviation (1.5m/s)while the y-axis is the conditional distribution of wind power 







Figure 4.2. The projected wind power versus conditional wind speed distribution around 
10 m/sec 
4.1.2 Correlation model among wind farms 
In [26], it is rigorously proved that for a lossless Direct Current Optimal Power Flow 
(DCOPF) simulation model, generations of all the marginal units follow a linear pattern 
with respect to load. 
To further address the uncertainty of wind power, correlation analysis is needed to 
model the relationship between each wind farm and its impact on LMP when there are 
more than one wind plants in the system. The prediction error of the wind speed at a 
single location tends to follow normal distribution. It is likely that for two different 
locations, the errors for each wind speed forecast will be jointly normal distributed. We 
have  
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E (Ws1  ws1)(Ws2  ws2 ) 
ws1ws2  (4.6) 
where 
Ws = wind speed forecast error in m/s; 
N  denotes for normal distribution; 
  = mean of wind speed forecast in m/s; 
  = standard deviation of wind speed forecast in (m/s)2; 
  = correlation matrix of wind speed forecast; 
(ws1,ws2 ) = probability density function (pdf) of Ws ; 
ws  = correlation coefficient between wind speed forecast No.1 and No.2; 
z ws  = part of the function for pdf. 
It should be emphasized that due to the nonlinearity of the power curve, the joint 
distribution of wind power output from each wind power plant will no longer follow the 
bivariate normal distribution. In the joint distribution model, random variables are 
generated via mvnrnd function in MATLAB, instead of real-world data for obtaining 
sigma and rho. 
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4.2 Simulation Methodology to Identify the Impact to Market Operation 
4.2.1 Market Simulation Model  
In the market operation, locational marginal pricing (LMP) is the dominant approach 
to clear the electricity market. The LMP model will be used in this chapter as the energy 
market model to assess market price. It should be noted that here we investigate the 
economic dispatch model considering a particular time point, while ignoring the unit 
commitment (UC) problem. The reason is that the goal of this study is to investigate the 
impact on LMP, which is typically cleared every 15 or 5 minutes depending on the 
market, while UC is updated less frequently, typically an hour. Therefore, within that 
hour, UC can be assumed to be fixed (unless there is a generation outage requiring new 
units to be brought online). Hence, this study aims to analyze static snapshots of the 
LMPs considering wind output uncertainty.  
Here we assume that there exists a conventional generator, a wind generator, and a 
load at each bus for simplicity of the formulation. This model can be briefly described as 
follows: 
Min
, , , ,
1 1
N N
c i c i w i c i
i i
C G C G
 
   
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, iwiwiw GGG   for i(all wind generators)  (4.11) 
where  
N = number of buses; 
,c iC , ,w i
C
= conventional and wind generation costs at Bus i in $/MWh, respectively; 
,c iG , ,w i
G
 = conventional and wind generation dispatches at Bus i in MWh, 
respectively; 
iD  = demand at Bus i in MWh; 
k iGSF   = generation shift factor to line k from bus i; 
max
kF  = transmission limit of line k in MWh. 






i LMPLMPLMPLMP    (4.12) 









  (4.14) 
( 1)lossi iLMP DF     (4.15) 
where 
M = number of lines; 
λ = Langrangian multiplier of the equality constraint, i.e., system energy balance 
equation in (4.8); 
µk = Lagrangian multiplier of the kth transmission constraint; 
DFi = delivery factor at bus i. 
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It should be noted that the model in (4.7-4.11) ignores losses for easy illustration.  
4.2.2 Brute-force Monte Carlo Simulation (MCS) Model for Uncertainty of LMP 
considering Wind Uncertainty 
Due to the intermittency of wind power, Gw  in the above model (4.7-4.11) should not 
be treated as a deterministic value. However, it is a common practice in market 
simulation or forecast to use a single forecasted value for each input variable, say, load or 
wind power, to perform a deterministic market simulation to forecast LMPs and 
congestion. Some recently improved practices use discretized model such as using 50 to 
100 probability-weighted scenarios to forecast market trends. However, due to the step 
change nature of LMP at CLLs [25], discretized model may lead to some inaccuracy. 
Therefore, in this study, Monte Carlo Simulation (MCS) is employed to handle the 
probabilistic nature of these stochastic inputs while executing each simulation 
deterministically. The MCS process can be illustrated as follows: 
1. Wind speeds (m/sec) at various wind plants are generated in accordance with 
the multivariate normal distribution. This is to consider the randomness and 
correlation among wind power plants. 
2. Wind power MW outputs are obtained using power curve model and the wind 
speed data obtained in Step 1. 
3. Apply (4.7)-(4.15) to obtain market signals. 
4. Repeat 1 to 3 to generate more samples. 
5. Perform statistical analysis, such as the probability distribution of LMP at 
each bus corresponding to wind speed forecasts.  
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MCS can be highly computationally intensive and may be impractical for large 
systems. The abovementioned MCS for calculating LMP distributions is a brute-force 
and time-consuming approach. A simplified MCS approach based on a lookup table to 
take advantage of the step-change characteristic of LMP is presented next. 
4.2.3 Speeded MCS: Using a Lookup Table 
Efficient study of LMP behavior exists because of its step-change characteristic. 
Figure 2.2 shows a typical LMP versus load curve for a sample system slightly modified 
from the original PJM 5-bus system defined in [25]. The load level at which a step 
change occurs is termed a critical load level (CLL). At each CLL, there will be changing 
binding and unbinding limits as well as marginal and non-marginal units.  
 
Figure 4.3. Graphic illustration of a lookup table with the system load and a wind power 




The step change features also hold when both of the system load level and the wind 
power output are considered. For instance, for a specific wind power level, a staircase 
curve like Figure 2.2 of system load versus LMP can be obtained. On the other hand, for 
a specific system load level, a similar staircase curve of LMP versus the wind power 
output within an area can be obtained. A wind power output level where a step change of 
LMP occurs is termed a critical wind level (CWL). Thus, a three-dimensional diagram 
with step changes can be obtained if both of the system load level and the wind power 
output are considered as variables, as shown in Figure 4.3.  
When more than 2 variables are considered (e.g., load and/or wind in different area is 
subject to its own variation pattern), extension to high dimension is possible though 
difficult to visualize. This is also the reason that MCS is necessary rather than the 
analytical approach based on integral, which was used in [25] for the single variable case. 
When multiple stochastic variables are involved, multiple integral is too complicated to 
be manageable.  
For computational purpose, a lookup table can be built as a pre-processing step. Once 
we know the range of possible wind power outputs, the following steps can be performed.  
1. A corresponding lookup table can be built by performing a number of DCOPF 
runs to identify critical load levels and critical wind levels where the step 
changes occur. Prices signals will be stored at the CLLs and CWLs with the 
model in (4.7-4.11). 
2. A number of MCS samples need to be generated by “throwing the dice”, 
which takes ntrial
t
, to obtain the random output of wind power plants.  
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3. The wind plant output will be used to find the corresponding values in the 
lookup table.  
The computational time of the above three steps are briefly discussed next. The 




 is the time taken to perform a 
DCOPF run and sc
n
is the number of step changes in the lookup table, i.e., number of 
CLLs. The time for Step 2 is ntrial
t
, which is insignificant (i.e., 
ntrialt 0), if compared 
to DOCOPF
t
. The time for Step 3 is lookup
t
, which is also insignificant to  DOCOPF
t
 (i.e., 
lookupt  0), since there are only a limited number of stairs in the lookup table. Therefore, 
the overall running time with this lookup table approach is given by: 
LT sc DCOPF ntrial lookup sc DCOPFT n t t t n t       (4.16) 
As a comparison, if the number of sample trials is sample
n
, the computational time for 
the basic, brute-force MCS approach is: 
BF sample DCOPFT n t   (4.17) 
Since the number of step changes, nsc, is much less than nsample, (e.g., dozens versus 
tens of thousands), the lookup table gives a great speedup.  
Several cases with different systems and different number of trials are run, and Table 
4.1 shows the average running times using the brute-force (BF) MCS approach and the 
lookup-table (LT) MCS approach for three different systems for illustrative purpose. The 
promising performance improvement is also illustrated as a bar chart in Figure 4.4 where 
the speed up ratio is defined as LTBF TT / .  
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It should be noted the performance improvement depends on the range of forecasted 
wind power output but similar improved performance is expected. In general, larger 
forecasted range will benefit more from the proposed lookup-table-based MCS. It should 
be also noted that LTT  in the test is obtained by using a quick search technique such as 
binary partition in a range of loads and/or wind power outputs. Further improvement to 
reduce LTT  is possible by employing a systematic, efficient approach to find the CLLs 
[59].  
Table 4.1. Time consumed using brute-force and lookup table MCS with different trials 
Trials 10,000 50,000 100,000 
Time (min) BF  LT  BF LT BF  LT  
PJM 5-Bus 3.3 1.1 18.2 1.1 37.6 1.2 
IEEE 30-Bus 20.6 3.2 108.2 3.2 223.8 3.3 






Figure 4.4. Speed up using lookup table compared to brute-force MCS 
The speedup of a single simulation is not the only advantage. Each lookup table of 
LMP w.r.t. different load levels and wind levels can be saved and reused when there is a 
similar load level or wind level in the future study. 
4.3 Case Study with the IEEE 118-Bus System 
In this section, a study on a large system is performed. Although it would be desirable 
to perform a case study using an actual ISO’s data, this is difficult due to the proprietary 
data. Therefore, the IEEE 118-bus system [64] is used to perform the case study which 
demonstrates the applicability of the proposed concepts and methods to larger systems. 
The 118-bus system consists of 118 buses, 54 generators, and 186 branches. The total 
system load is 4242 MW with 9966 MW total generation capacity. Detailed system data 
and diagram can be found in [64]. 
In the original IEEE 118-bus system, there is no generator bidding data and branch 
thermal limit data, which are indispensable to perform the economic study. Therefore, 
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generator bidding data are assumed as follows for illustrative purpose: 20 low-cost 
generators with bids from $10 to $19.5 with $0.5 increment; 20 expensive generators 
with bids from $30 to $49 with $1 increment; and 14 most expensive generators with 
bidding from $70 to $83 with $1 increment. Five thermal limits are applied to the 
transmission system: 345 MW for line 69-77, 630 MW for line 68-81, 106 MW for line 
83-85 and 94-100, and 230 MW for line 80-98. 
The deterministic LMP versus load curve for the IEEE 118-bus system is shown in 
Figure 4.5. The LMP versus load curve are drawn on some selected buses rather than all 
buses simply for better illustration.  
 
Figure 4.5. Deterministic LMP curve at selected buses with respect to different system 
loads for the IEEE 118-bus system 
4.3.1 LMP and Wind Plant Locations  
In this case study, three wind power plants are connected to Bus 85 (Wind Plant No.1, 
or WP1), Bus 22 (Wind Plant No. 2, or WP2) and Bus 38 (Wind Plant No. 3, or WP3). 
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Assume the wind speed forecast errors for WP1, WP2 and WP3, i.e., Ws1, Ws2 and Ws3, 
are mutually independent. For a forecast of 7 m/s, they are all following the same normal 
distribution, i.e., 1 2 3
, , ~ (0,1)s s sW W W N , in which the mean value and standard deviation 
for the three forecasted wind speeds are 7 m/s and 1 m/s. The power curve are obtained 
by applying a look-up table from the technical specifications of Vestas V90-3MW wind 
turbines with a tentative scaling parameter k in order to scale the actual capacity of the 
wind power plant to 80MW. Then, the projected wind power from forecasted wind speed 
is nearly 47.36MW.  
 
 Figure 4.6. Color map for correlation between the forecasted wind speed and LMP at 
Bus 73 
 
Figure 4.6 shows the correlation between four variables, Ws1 to Ws3 (i.e., the wind 
speed at three wind plant locations at Buses 85, 38 and 22, respectively) and the LMP at 
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Bus 73. The off-diagonal items in the upper left 3×3 block show the wind speed 
correlations which are the input variables, while the last row and column show the 
correlation between the wind speeds (the input variables) and the LMP at Bus 73 (the 
output variable). The color of each off-diagonal entry shows the relative strength of the 
correlations. Deeper color represents higher negative correlation. Although Figure 4.6 
shows only 1 scenario with no correlation, the same color pattern that LMP is related to 
wind plant location can be observed under many other scenarios with different wind 
speed correlations. This demonstrates that LMP is closely related to the wind plant 
location, because the wind generation affects the output of marginal units. In the 
deterministic average case (i.e., 7 m/s of wind speed at each wind plant, 47.36MW 
projected wind power at each wind plant, and the base load level at 4242 MW), one of 
the marginal units is located at Bus 85. Since Bus 73 is very close to Bus 85, it is not 
surprising that the LMP at Bus 73 is more closely related to Ws1 than Ws2 and Ws3. 
Wind power plants integrated to the marginal unit buses will always have greater 
impact on the LMP than those connected to the non-marginal buses under given 
forecasted load and forecasted wind power output. This observation and the quantitative 
MCS approach will help market participants make reasonable judgment on whether the 
integrated wind power will affect the LMP market and how much of an impact it would 
be, considering the uncertainty and correlation of wind speed forecast. 
4.3.2 LMP Variation due to Different Wind Speed Correlations 
In real practice, it is more likely that wind power plants are located in geographically 
adjacent areas such that they are more or less correlated in terms of wind speeds. Here, 
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the wind speed forecast errors for three wind power plants are jointly normal distributed 
and follow Ws ~ N3(,) , given by a forecasted wind speeds of 



















, in which the unity variance for all normal 
distributions participating in the multivariate model is assumed. We can summarize the 
correlation coefficients of ρ12, ρ13, and ρ23 into three patterns: 
o Pattern 1: Two of the three wind plants are correlated, while the third one is 
independent. Although there can be numerous cases under this category, two 
cases, Case 1A and Case 1B, are tested at two different load levels. In both 
cases, ρ13=ρ23=0, while ρ12 is varied from -1 to 1.  
o Pattern 2: Two of the three wind plants are positively correlated, while the 
third one is negatively correlated with each of the other two. Note: the third 
one cannot be positively correlated with the first and negatively correlated to 
the second.  Two particular cases, Case 2A and Case 2B, are tested at two 
different load levels. In both cases ρ12=1, and ρ13=ρ23=ρ which is varied 
from -1 to 0 since Plant 3 is negatively correlated with Plants 1 and 2, 
respectively. Here ρ13 and ρ23 are not independently varied because a three-
dimensional plot is needed otherwise.  
o Pattern 3: The wind speeds at all three plants are positively correlated. Two 
cases, Case 3A and Case 3B, are tested at two different load levels. In both 
cases, ρ12=ρ13=ρ23=ρ such that a two-dimensional plot is sufficient. Here, ρ 
is varied from 0 to 1.  
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Figure 4.7 shows the results of all six test cases (1A, 1B, 2A, 2B, 3A and 3B) 
corresponding to the above 3 patterns. It is apparent that LMP at certain buses can either 
increase or decrease under different correlation coefficients among wind speed forecasts 
of the three wind power plants.  
 Cases “A”: The expected LMP at Bus 1 decreases when the correlation 
coefficient among the three wind speed forecasts increases. This is shown in 
the top three diagrams in Figure 4.7. 
 Cases “B”: Different from the decreasing pattern shown in the “A” cases, the 
expected LMP at Bus 1 increases when the correlation coefficient increases. 
This pattern is shown in the bottom three diagrams in Figure 4.7. 
The above observation of the difference between Cases “A” and “B” is related to 
the position of the “modified” operating point, which is equal to the system load level 
minus the mean wind output, in the staircase LMP versus the system load curve. The 
cause of the two different patterns will be explained later in 4.3.3. 
It should be noted that although there may be many wind plants in a system, many 
of them can be grouped into an area following the same wind forecast. Correlations will 
be modeled among these areas. This is similar to area load modeling. Hence, the 
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Figure 4.7. Impact of actual operating point on LMP versus correlation coefficient curve 
for IEEE 118 Bus system 
4.3.3 Observation and Summary 
First of all, under the deterministic mean values, if the modified operating point, 
i.e., the system load level minus the expected (mean) wind plant output, is closer to a 
critical load level, the price volatility due to the intermittent wind power is higher. Here 
price volatility refers to the probability of a price step change with respect to the change of wind 
power output. The increasing or decreasing trend in the LMP versus correlation coefficient 
curve is determined by whether the modified operating point is near the beginning or the 
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end of a staircase segment, which is essentially determined by the critical load levels 
(CLLs). 
When we consider the probabilistic correlation of the wind speed forecasts at 
three wind plants, we have the following observation: 
o Negative correlation coefficient means that the wind power plants tend to 
compensate each other’s output variation. Thus, this keeps the LMP at its 
value when the mean wind power output is deterministically considered. For 
instance, in Case 1A the LMP at Bus 1 is exactly $30.995/MWh (i.e., the 
same as the deterministic LMP value) when the correlation coefficient ws = -1; 
and in Case 1B, the LMP at Bus 1 is exactly $19.750/MWh, also the same as 
the deterministic LMP value, when ws = -1.  
o Positive correlation coefficient means that the outputs from wind power plants 
tend to either increase or decrease simultaneously. 
 When the mean modified load level is close to the beginning of a staircase 
segment (such as Point A where P_A = 3450MW in Figure 4.7), the 
simultaneous decrease of the correlated wind-plant outputs will shift the 
modified load level to the right of the segment, but this will not likely lead 
to LMP change. However, the simultaneous increase of the correlated 
wind-plant outputs makes it possible to have the modified load level 
shifted to the lower segment such that the probabilistically calculated LMP 
may be lower than the deterministic LMP. This is why the probabilistic 
LMP is lower at ws=1 than at ws= -1, as shown in Case 1A. In general, 
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when the correlation ws  increases, the expected probabilistic LMP should 
decrease in the “A” cases as shown in Figure 4.7.  
 Similar analysis can be applied to the “B” cases, where the mean modified 
load level is close to the end of a staircase segment (such as Point B where 
P_B = 3320MW in Figure 4.7). In these cases, the simultaneous increase 
of wind-plant outputs will not likely lead to price change. However, the 
simultaneous decrease of two wind-plant outputs will lead to a possible 
jump of price. This is why the probabilistic LMP is higher when ws=1 
than ws= -1 as shown in Case 1B. In general, when the correlation ws  
increases, the probabilistic LMP should increase in the “B” cases as shown 
in Figure 4.7. 
4.4 Conclusions 
Uncertainty of high wind penetration and the step change characteristic of LMP-Load and 
LMP-Wind curves are the main reasons of LMP uncertainty. The contribution of this 
chapter can be summarized as follows: 
1. A systematic methodology using Monte Carlo simulations (MCS) is presented 
to investigate the impact to market price volatility considering the intermittent 
nature of the wind power generation. Correlations among different wind 
plants are modeled.  
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2. A lookup table is proposed to speed up the basic, brute-force MCS approach. 
Test results verify the computational efficiency of the lookup-table-based 
MCS. 
3. It can be concluded that different patterns of LMP versus wind correlation can 
be predicted giving the forecasted wind generation and load. It is the positive 
correlation that decides how the expected LMP will vary considering wind 
uncertainty. Also, it is the modified operating point that decides whether the 
probabilistic LMP will actually increase or decrease. 
4. Test results based on the IEEE 118-bus systems verify the expectations and 
conclusions. 
A mathematical tool is presented to combine the wind speed error distribution 
model into the lookup table-based Monte Carlo simulation such that a quantitative 
assessment of the impact of wind uncertainty to electricity price. Simulation tests are 
based on assumed data for wind uncertainty with a typical LMP-based US market 
structure. Future work is needed to address some other practical concerns. To begin, the 
current effort investigates the relationship of price and wind forecast error at a particular 
point in time using the economic dispatch model. State-of-the-art wind forecasting tools 
suggest that the wind forecast uncertainty shows considerable time dependency. This 
should be included in future work along with changes in the unit commitment, as well as 
other market rules such as forward contracts, ancillary service and so on. Also, 
consideration of the system power losses and equipment (generation and transmission) 
outages would be valuable. In addition, investigation of the applicability of other market 
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models with different regulatory environment such as in European countries can be 





5 MULTILAYER RENEWABLE ENERGY SCHEDULING 
FRAMEWORK  
This chapter presents a probability-differentiated, multilayer framework for ISOs to 
schedule intermittent wind power and other renewables. The fundamental idea is to view 
the intermittent renewable energy as a product with lower quality (i.e., the probability of 
energy availability in real time) than dispatchable power plants, such as thermal or hydro, 
from the operators’ viewpoint. Multiple layers considering the probability of delivery are 
proposed such that various loads (critical load or non-essential controllable load) may 
participate in different layers in the energy market. A layer with a lower expected 
probability of energy availability is generally expected to have a lower price. This is 
similar to having different prices for commodities of different qualities. A methodology 
is proposed to gradually merge multilayers in the day-ahead market to a single 
deterministic layer in real time. The merge is needed because the market must be 
deterministic in real time, whether sources are available or not. This is also aligned with 
the higher accuracy of forecasts when the time frame moves closer to real time. Further, 
the proposed scheduling framework is extended to consider the transmission constraints 
with a case study based on a modified version of the PJM 5-bus system. 
5.1 Basic Strategy without Transmission Model 
5.1.1 Basic Concept of the Proposed Market Framework 
The proposed solution is termed a “Probability-differentiated multilayer” framework 
for power market operation. The basic idea is to create multiple layers in power market 
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based on the probability of availability of renewable resources. The enabling technology 
is the controllable loads, including conventional loads and the plug-in electric vehicles 
(PHEVs), with the expected advanced metering and communication technology.  
To illustrate the proposed concept, we use the conventional day-ahead (DA) energy 
market as an example. In the DA market, generators, once accepted by ISOs to serve 
loads, are obligated to serve in the actual real-time (RT) operation. Certainly, generations 
and loads may have minor modification of their positions before the delivery time such as 
re-bidding in the RT market. Nevertheless, as the DA market clears 80-90% of energy 
market, generators can bid most of its possible MW output into the DA market. If we 
ignore the forced outage problem that is handled by operating reserves, the delivery is 
guaranteed because they are dispatchable. This holds true for conventional units like 
thermal or hydro. 
 In contrast, renewable energy, like wind or solar, depends on the availability of wind 
or sunlight. Wind is taken as an example in the following discussion, but it can be applied 
to solar as well. Wind is not a steadily available resource like fuel or water, and it cannot 
be stored to generate power whenever needed. Thus, a mechanism, especially in the DA 
market, is required to encourage the market participation of uncertain wind power, which 
may have a probability, say 75% or 50%, of availability for delivery to buyers in real 
time. 
Due to the uncertainty of wind power output (or at least a considerable portion), wind 
power can be viewed as a product subject to a poorer reliability than conventional 
thermal or hydro power providers. This means that wind power is a poor-quality product 
if compared with thermal or hydro power, from the viewpoint of buyers who participate 
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in the DA market. In the market of many other commodities, some buyers are motivated 
to buy products of low-quality at lower prices, such as in supermarkets; while other 
buyers are willing to pay for higher prices for high-quality products such as in department 
stores. Therefore, with this basic economic principal, a probability-differentiated, 
multilayer framework for electricity market is proposed for sellers and buyers to 
participate in, where different markets may provide the commodity (electricity) at 
different qualities (different probabilities of availability). 
For instance, as shown in Figure 5.1, we may have two layers, where each layer targets 
a different probability level of availability of the product (electricity). The first layer is 
similar to the conventional deterministic energy market and termed the P100 market 
layer, where P100 means 100% probability of delivery. In this layer, the buyers are 
critical, essential loads who want to be guaranteed for service by paying more to 
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Figure 5.1. Purchasing commodity of different quality. 
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Then, we may have the layer of P75, which means 75% expected probability of 
delivery. The sellers can be renewable energy owners, while the buyers can be non-
essential controllable loads including the future PHEVs. Certainly, we may have another 
layer like P50 if the complexity can be justified. Note that within a layer we can still have 
many bids and offers, similar to the case that there are many competing department stores 
serving high quality products, as well as many supermarkets competing for customers 
who are willing to buy lower quality products at lower prices.  
The following is a brief summary of the motivations for the proposed multilayer 
market structure. From the viewpoint of intermittent generation providers like wind plant 
owners, a sub-P100 layer (e.g., P75) provides a chance to commit to selling future energy 
which is not 100% assured availability in real time. If wind owners play conservatively 
and do not bid due to some 25% risk of unavailability, they may lose the opportunity to 
other more expensive units. Hence, if the un-dispatched low-cost wind plant turns out to 
be available in real time, it is not economically efficient and the total load payment will 
be higher. On the other hand, if the owner plays too aggressively and bids too much and 
there is not enough wind available in real time, they likely have to pay a high price at the 
real-time market to cover the gap, leading to a more volatile market. From the load 
viewpoint, if there is cheap power with acceptable availability rate, they may be willing 
to buy. In case the power is not available, it is also fine because some loads are 
interruptible (e.g., in general up to 25% is interruptible if participating in the P75 layer).   
Note that the proposed different layers are financial; while energy trading at different 
layers is essentially performed via the same physical transmission network as illustrated 
in Figure 5.1.  
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Also note that the conventional sense of demand response (a.k.a., controllable load or 
responsive load) has been implicitly covered in the proposed framework because demand 
may participate in sub-P100 layers. For instance, if a load is “non-essential” or 
“somewhat non-essential”, they can bid into P50 or P75 layers. Hence, demand response 
is an integrated part of the proposed framework. 
5.1.2 Merging Multilayers in DA Market into a Single P100 Layer in RT Market 
Energy trading is usually performed at various times. A typical Day-Ahead (DA) 
market clears the major needs of the real-time load, while the final balance of generation 
and load is performed in the Real-Time (RT) market, which presently tends to be run in 
very short durations like every 5 to 15 minutes. Many ISOs also have Hour-Ahead (HA) 
market, which was called the “real-time” market in the past.  
With the proposed probability-differentiated multilayer framework, there is a need to 
coordinate the DA, HA, and RT markets. The reason is that the DA market has some sub-
P100 uncertain layers, and the design philosophy allows the change of generation and 
load (i.e., controllable). However, eventually all loads in RT must be binary-
deterministic: either available or not. Hence, a method is needed for all sub-P100 layers 
to coordinately and systematically migrate into a single deterministic P100 layer in RT. 
Figure 5.2 illustrates the solution philosophy to solve this challenge. From DA to HA, 
we may combine P50 into P75 with minor changes allowed from generators and loads; 
and similarly, P75 will be merged into P100 at RT leading to a single P100 layer in RT. 
The elimination of the lower layers as time approaches to RT is logical, because 
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participants should be more certain about their generation output or load when the time 
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Figure 5.2. Merging different layers to a single deterministic P100 layer. 
Taking the transition from DA to HA as an example, three steps will be taken by the 
operator when time approaches the HA market. This is described below. It should be 
noted that the case study shown in Table 5.1 in the next section is also mentioned below 
to make the understanding of the proposed idea easier. 
 Step 1 - Accepting G/L changes: The ISO accepts the generator/load changes at the 
previous P50 level. The generators scheduled in the P50 layer need to inform the ISO 
whether it can deliver as scheduled. If not, the updated output level should be informed. 
Meanwhile, the load has an opportunity to modify its forecast at the P50 layer from the 
DA market. For instance, as shown in the 3
rd
 horizontal section in Table 5.1, G3 
determines that it can deliver only 30MW instead of 50MW and L determines it needs 
150 MW instead of 100 MW for the original P50 layer. The ISO will accept these 
changes without applying a penalty to participants like G3 or L, as long as the change is 
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less than 50% (i.e., corresponding to P50) of the initially scheduled amount. Hence, 
there is a G/L gap of 70MW. Note that the original P100 and P75 layers do not need to 
be changed at this step. Buyers and sellers only need to modify their positions in the 
original P50 layer at this point.  
 Step 2 - Merging P50 into P75 layers: The P75 and P50 layers are combined since 
they are now in the HA market (closer to RT than the original DA market) and 
everything should be “more certain” than a day ago. Results are shown in the 4
th
 
horizontal section in Table 5.1. The 70 MW gap of the load from the original P50 layer 
remains in the new P75 layer.  
 Step 3 - Incremental re-dispatch for the G/L gap: In this step, the ISO dispatches 
more generation to cover the 70 MW G/L gap in the new P75 layer in the HA market. It 
should be noted that G3 will be excluded from participating in this incremental 
dispatch. Otherwise, G3 may intentionally claim a reduction of its obligation in the 
original P50 layer, and then participate in the new incremental dispatch for the 70 MW 
gap to make more profit than as previously agreed to deliver at the uncertain P50 layer. 
The 5
th
 horizontal section in Table 5.1 shows the final results in which G2 are 
dispatched for additional 20 MW and G4 for additional 50MW in the P75 layer. It 
should be noted that if there is no sufficient committed units available for this re-
dispatch, load interruption can possibly be applied. Interruption can be up to 25% 
without reimbursement from ISO, and the interruption over 25% can be reimbursed 
using a penalty collected from generators that cannot produce (and/or purchase from 
somewhere else) at least 75%. 
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Then, when time moves from the HA to the RT market, the same three steps can 
be repeated to take G/L changes, to merge P75 into P100, and to re-dispatch for 
the new G/L gap. A case study in the next section well illustrates the fundamental 
idea of the proposed approach. 
5.2 Case Study and Discussion without Transmission Model 
5.2.1 Case Study 
A detailed example is presented in Tables 5.1 and 5.2 to better illustrate the proposed 
concept. Here we ignore regulation, spinning, and non-spinning reserves for simplicity. 
Assume we have 4 generators, G1 to G4, and a load, L. Changes from a previous step are 
in bold font in the table. 
As shown in the 2nd horizontal section in Table 5.1, in the DA Market we have three 
layers, P100, P75, and P50. Based on the forecast, L needs to purchase up to 1200 MW. 
Among the 1200 MW load, 900MW is a must-supply load that L wants to purchase from 
the deterministic P100 layer; 200MW is non-essential so L wants to purchase from the 
uncertain P75 layer; and 100MW is very-non-essential so L wants to purchase from the 
more uncertain P50 layer. (Note: here we ignore the price-sensitive demand elasticity, but 
do assume 300MW is interruptible, if really necessary because of unavailable wind). 
Correspondingly, after running the generation dispatch, the operator decides to choose 
400MW from G1 and 500MW from G2 to meet the 900MW load in P100; 100MW from 
G3 and G4 each for P75; and 50MW each from G3 and G4 for P50. 
The example in Table 5.1 shows the load requests an increase in demand, which is the 
typical case from DA to HA and then to RT. It is also possible that the load may request a 
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small reduction of demand. This means to dispatch generation for lowering their output. 
This is also mathematically viable, and the physical meaning is to pay generators to lower 
their output to less than scheduled in the DA market. 
 Table 5.1. Procedure of moving from DA market to HA market. 
 Layer G1 G2 G3 G4 L 
DA: Final dispatch 
results 
P100 400 500 0 0 900 
P75 0 0 100 100 200 




P100 400 500 0 0 900 
P75 0 0 100 100 200 
P50 0 0 30 50 150 
HA: After 
combining P75 and 
P50 
P100 400 500 0 0 900 
P75* 0 0 130 150 350 
P50 -- -- -- -- -- 
HA: After inc. re-
dispatch for the G/L 
gap 
P100 400 500 0 0 900 
P75 0 20 130 200 350 
P50 -- -- -- -- -- 
*: After accepting the G/L changes and combining P75 and P50, there is a gap of 






Table 5.2. Procedure of moving from HA market to RT market. 
 Layer G1 G2 G3 G4 L 
HA: Final dispatch results 
from Table 5.1 
P100 400 500 0 0 900 
P75 0 20 130 200 350 
P50 -- -- -- -- -- 
RT: After accepting G/L 
changes 
P100 400 500 0 0 900 
P75 0 20 130 180 360 
P50 -- -- -- -- -- 
RT: After combining P75 
and P50 
P100* 400 520 130 180 1260 
P75 -- -- -- -- -- 
P50 -- -- -- -- -- 
RT: After inc. re-dispatch 
for the G/L gap 
P100 400 550 130 180 1260 
P75 -- -- -- -- -- 
P50 -- -- -- -- -- 
*: After accepting the G/L changes and combining P75 with P100, there is a gap 
of 30MW in P100. 
5.2.2 Discussion on the Penalty for Not Meeting Schedules 
Producers at the sub-P100 layers should expect to sell the product at lower prices, 
while buyers also expect to buy at lower prices with a risk of unavailability at real-time. 
As service is not 100% guaranteed in the sub-P100 layers, a mechanism should be 
implemented to ensure producers and consumers meet their schedules as frequently as 
possible in sub-P100 layers. Meanwhile, the mechanism should not discourage 
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participation in the sub-P100 layers. Below is a brief description of one proposed 
mechanism.  
1) If a producer claims to produce less than x% in the Px layer at the time of merging Px 
to its upper layer (e.g., producing less than 50% for the P50 layer when P50 is merged 
to P75), he/she needs to pay the re-dispatched unit to cover the difference between its 
actual capability and x% as a form of “penalty”. The reason is that delivery of x% of 
the committed amount in the Px layer is similar to providing the minimum warrantee 
of product quality. If this quality cannot be met, a form of penalty will be applied. 
2) If the producer can produce at least x% of the committed amount in the Px layer but 
less than its scheduled amount when Px is merged to its upper layer, no penalty will be 
applied. Any gap in G/L will be covered at re-dispatch with the actual cost to 
producers and consumers. The reason for not applying penalty in this scenario is that 
lower probability is expected in Px (e.g., P50) by the buyers when they participate in 
the P50 layer. Since the producer meets the required reliability (e.g., 50% for P50), it 
is considered to meet the minimum requirement of product quality. 
3) A producer which cannot meet the scheduled amount and request changes in HA or 
RT, regardless of the amount of change, will be excluded from re-bid to ISO 
participating in the re-dispatch for the G/L gap (Step 2 in Section 5.1.2). This is to 
prevent a generator, which participated in a lower layer earlier, to intentionally reduce 




It is perhaps easier to understand the first rule that a penalty (i.e., purchasing at 
the re-dispatch price of the P50 layer when P50 is being merged to P75) is applied 
if a producer can produce less than 50%. The second rule that no penalty is 
applied if a producer can produce more than 50% but less than initially dispatched 
amount in P50, is perhaps different from conventional market operation. Here is 
an analogy for better illustration of doing so. If a consumer wants to buy a tool 
from a low-end supermarket with a limited warrantee of 2 years, he/she should 
not expect it to last for 10 years because he/she pays much less for this tool, as 
opposed to paying much higher to buy one from a specialized store with much 
higher quality. That means, if a consumer wants to purchase from P50, he/she 
should expect some level of uncertainty while paying lower prices; and similarly, 
producers should bid at lower prices since the product quality obligation is lower. 
Otherwise, if the product quality is highly important to a consumer, he/she should 
avoid his/her involvement in the lower layers while focusing on the trading at the 
P100 layer. 
Certainly, more refined rules are necessary such as whether additional penalty costs 
are appropriate in the P75 or P50 layers for producers not meeting the 75% or 50% 
minimum. Also, a systematic rule to develop the sub-P100 layers, such as P75 and P50 
versus P80 and P60, is needed in the actual implementation which could depend on the 
characteristics of a specific market and perhaps the wind uncertainty level. 
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5.2.3 Discussion on the Economic Efficiency 
The economic efficiency of the proposed multilayer framework is discussed next with 
a comparison with the existing practice, called the “one-bucket” approach here, in which 
the mixed power sources are dispatched including the uncertain renewable power and the 
conventional dispatchable power.  
First, in the one-bucket approach, even though buyers and sellers may modify their 
positions using incremental bids in the DA, HA and RT markets, there is no 
differentiation of higher-quality and lower-quality product. Particularly, at the DA and 
HA markets, there are uncertainties at both sides of sellers and buyers. However, every 
player is forced to think in a deterministic way. Probabilistic thinking may be applied, but 
a player’s final decision must be binary, either bid or no-bid. As a comparison, the 
proposed framework gives opportunity for sellers to sell lower-reliability product to 
buyers who are willing to accept such product. Since both buyers and sellers understand 
the mutual risk of the lower-reliability product, the price at the P50 or P75 layer at DA, 
for example, should be lower than the DA price in the one-bucket dispatch in which all 
products must be of high quality. 
Second, from another viewpoint, the one-bucket approach has two options, 1 and 0, in 
DA and HA, while the proposed approach has four options, P100, P75, P50 and P0 (no-
bid). Any forecasting error should lead to higher variation in results in the one-bucket 
approach, while the proposed approach gives less variation. This is because the proposed 
approach gives higher granularity with four options than the one-bucket binary approach.  
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Apparently, more intermediate layers should give higher granularity and more 
economic efficiency than the binary, one-buck approach, but the number of layers should 
be weighted with the complexity of multiple layers. This is a future research topic.  
5.3 Extension of the Proposed Scheduling Framework to Include Transmission 
Constraints 
5.3.1 Market Clearing Model with Transmission Model 
The basic framework in Section 5.1 can be easily extended to the case with 
transmission constraints considered. Here the popular locational marginal price (LMP) 
method [24] is used to handle transmission congestion. Also, the DC optimal power flow 
(DCOPF) is used for LMP calculation since DCOPF is commonly adopted by industrial 
practices [24]. The principal for considering the transmission constraints is to initially 
assign a portion of the transmission to a given layer in the DA market, i.e., 
5075100 ,, kkk and  to P100, P75 and P50, respectively. Apparently, we should 
have 15075100  kkk  . For example, 80.0100 k , 15.075 k , and 
05.050 k in DA. Other weights such as based on loads in each layer can be applied. 
The transmission capacity assignment can be adjusted by the ISOs depending on the 
operating conditions. When a merger is performed, the transmission capacity of a lower 
layer is added to a higher layer. Also, unused transmission capacity at a particular layer is 


































100,100,  , for j(T)  (5.3) 
max
100,100,0 ii GG  , for i(all generators in P100)  (5.4) 
 
where C = the generation bids; G = generation output with the assumption of 0 as 
minimum output for simplicity; GSF= generation shift factor; (T)= all transmission 
limits; and 100k = line capacity allocated to the P100 layer (e.g., 0.8 in DA and HA and 
1.0 in RT).  
 





























75,75,  , for j(T) (5.7) 
max




where 75k = 75k  + ( 100k  minus the actually used capacity in the P100 layer after the 
P100 dispatch) in DA; and 75k = 75k + 50k  + ( 100k  minus the actually used 
capacity in the P100 layer after P100 dispatch) in HA. 
In the above formulation, different values of  75k  are taken in the DA and HA market. 
The reason is that more capacity will be assigned to the P75 layer in the HA market since 
the P50 layer has been merged into the P75 layer.  
 





























5050,50,  , for j(T) (5.11) 
max
50,50,0 ii GG  for i(all generators in P50) (5.12) 
 






5.3.2 Incremental Re-dispatch When a Scheduled Dispatch Is Not Met 
For the P75 layer in the DA market:  
As stated in Section 5.2 for the proposed framework without transmission considered, 
no penalty will be applied if the gap of an individual participant is between 0 and 50% in 
P50. However, as long as there is a generation schedule not met, an incremental re-







































































i GGGG  for i(all generators in P50 which meet the 
schedule) (5.16) 
 


























50,  is the gap calculated after the P50 layer is merged to 
P75 with the acceptance of G/L changes; and the superscript “act” means the actual 
dispatched amount. 
 
For the P100 layer in the RT market:  
Again, no penalty will be applied if the gap of a participant is between 0 and 25% in the 
P75 layer when moving from the HA to RT market. However, as long as there is a 
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generation schedule not met, an incremental re-dispatch in the P100-layer RT market 









































































i GGGGG  for i(all generators which meet the 
schedules in P50 and P75) (5.20) 
 


























75,  is the gap calculated after the P75 layer is merged to 
P100 with the acceptance of G/L changes; and the superscript “act” means the actual 
dispatched amount. 
5.3.3 Flow Chart 
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Figure 5.3. The flow chart of the proposed algorithm. 
5.4 Case Study with Transmission Constraints Considered 
5.4.1 Test System 
The test system is modified from the PJM 5-bus system [24, 65]. Three wind power 
plants, W1, W2, and W3, are added into the system at Buses A, C, and E, while one of 
the two original units at Bus A is removed. The load in the P100, P75, and P50 layers is 
550MW, 160MW, and 30MW, respectively, and it is equally distributed to the loads on 
Bus B, C, and D. The system is depicted in Figure 5.4. The generation bids in $ and the 
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Figure 5.4. Illustration of the test system. 
 
Table 5.3. Generation bids at different layers 
Layer PC Sol. Sun. Bri. W1 W2 W3 
P100 
$25 $35 $40 $20 $12 $18 $10 
130 MW 400MW 200MW 450MW -- -- -- 
P75 
-- -- -- -- $8 $14 $6 
-- -- -- -- 50MW 100MW 100MW 
P50 
-- -- -- -- $5 $10 $1 








5.4.2 Test Results 
For better illustration, the loads in this study are assumed to remain unchanged when 
the time frame moves from DA to RT. Also, for simplicity, it is assumed that the three 
wind units do not bid at the P100 layer initially while the other conventional units bid at 
P100 only. Test results are presented in Tables 5.4 to 5.9 for two examples.  
 Example 1: Tables 5.4 and 5.5 show the step-by-step dispatch results with the assumption 
that the generators always meet their schedules so there is no G/L gap. Table 5.6 shows 
the generation production cost calculation.  
 Example 2: The step-by-step dispatch results are shown in Tables 5.7 and 5.8 when the 
generators may not meet their schedules. The bid in the incremental re-dispatch to cover 
the P50 (or P75) layer G/L gap is assumed to take the original bid from its upper layer, 
i.e., P75 (or P100), for simplicity. Table 5.9 shows the total generation production cost 
calculation.  
 
Example 1 - No G/L gap: 
Table 5.4. Dispatches from DA to HA without G/L changes for the test system 
considering transmission. 
 Layer PC Sol. Sun. Bri. W1 W2 W3 L 
DA: Final 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 50 10 100 160 




Table 5.4. Continued. 
HA: After Step 1 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 50 10 100 160 
P50 -- -- -- -- 22.39 0 7.61 30 
HA: After Step 2 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 72.39 10 107.61 190 
P50 -- -- -- -- -- -- -- -- 
HA: After Step 3 
P100 100 0 0 450    550 
P75 -- -- -- -- 72.39 10 107.61 190 
P50 -- -- -- -- -- -- -- -- 
 
Table 5.5. Dispatches from HA to RT without G/L changes for the test system 
considering transmission. 
 Layer PC Sol. Sun. Bri. W1 W2 W3 L 
HA: Final 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 72.39 10 107.61 190 
P50 -- -- -- -- -- -- -- -- 
RT: After Step 1 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 72.39 10 107.61 190 





Table 5.5. Continued. 
RT: After Step 2 
P100 100 0 0 450 72.39 10 107.61 740 
P75 -- -- -- -- -- -- -- -- 
P50 -- -- -- -- -- -- -- -- 
RT: After Step 3 
P100 100 0 0 450 72.39 10 107.61 740 
P75 -- -- -- -- -- -- -- -- 
P50 -- -- -- -- -- -- -- -- 
 
Table 5.6. Generation production cost for the case without G/L changes 
 PC Sol. Sun. Bri. W1 W2 W3 
P100 100 0 0 450 -- -- -- 
P75 -- -- -- -- 50 10 100 
P50 -- -- -- -- 22.39 0 7.61 
Total MW 100 0 0 450 72.39 10 107.61 
Cost ($) 2500 0 0 9000 511.95 140 607.61 









Example 2 - With G/L gap: 
Table 5.7. Dispatches from DA to HA with G/L changes for the test system considering 
transmission. 
 Layer PC Sol. Sun. Bri. W1 W2 W3 L 
DA: Final 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 50 10 100 160 
P50 -- -- -- -- 22.39 0 7.61 30 
HA: After Step 1 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 50 10 100 160 
P50 -- -- -- -- 12 0 7.61 30 
HA: After Step 2 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 62 10 107.61 190 
P50 -- -- -- -- -- -- -- -- 
HA: After Step 3 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 62 13.63 114.37 190 








Table 5.8. Dispatches from HA to RT with G/L changes for the test system considering 
transmission. 
 Layer PC Sol. Sun. Bri. W1 W2 W3 L 
HA: Final 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 62 13.63 114.37 190 
P50 -- -- -- -- -- -- -- -- 
RT: After Step 1 
P100 100 0 0 450 -- -- -- 550 
P75 -- -- -- -- 62 11 114.37 190 
P50 -- -- -- -- -- -- -- -- 
RT: After Step 2 
P100 100 0 0 450 62 11 114.37 740 
P75 -- -- -- -- -- -- -- -- 
P50 -- -- -- -- -- -- -- -- 
RT: After Step 3 
P100 100 0 0 450 62 11 117 740 
P75 -- -- -- -- -- -- -- -- 










Table 5.9. Generation production cost for the case with  G/L changes 
 PC Sol. Sun. Bri. W1 W2 W3 
P100-O 100 0 0 450 -- -- -- 
P75-∆ -- -- -- -- -- -2.63 +2.63 
P75-O -- -- -- -- 50 10 100 
P50-∆ -- -- -- -- -10.39 +3.63 +6.76 
P50-O -- -- -- -- 22.39 0 7.61 
Total MW 100 0 0 450 62 11 117 
Cost ($) 2500 0 0 9000 460 154 674.47 
Note: 
Px-O: The original amount in the Px layer. 
Px-∆: The changed amount w.r.t. the original Px layer. 
Total cost: $12,788.47. 
 
While the generation production cost calculation for Example 1 (without the G/L gap) 
is straightforward, the calculation for Example 2 (with the G/L gap) is processed as 
follows, taking W2 in Table 5.9 as an example:  
 W2 is not dispatched in the P50 layer (bidding price = $10) in the DA market. 
 W2 is dispatched to produce 3.63MW during the incremental dispatch in the P75 layer in 
the HA market with the bidding price, as previously assumed, the same as its original 
bidding price in P75, $14. 
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 W2 fails to meet its 13.63MW (=10MW+3.63MW) schedule by 2.63MW when P75 is 
merged into the P100 layer at the RT market.  
Therefore, the final settlement for W2 is calculated as 0 MW × $10/MW + (10 + 3.63 – 
2.63) MW × $14/MW = $154. Note the 2.63MW shortage at RT will not trigger the 
penalty since it is less than 25% of scheduled amount of 13.61 MW in P75. Similarly, the 
settlement for W1 is calculated as (22.39-10.39) × $5 + 50×$8 = $460, and for W3, 7.61 
× $1 + (100+6.76) × $6 + 2.63 × 10 = $674.47. 
5.4.3 Discussions 
The above comprehensive example shows that the advantages of the probability-
driven, multi-layer framework discussed in Sections 5.1 and 5.2 are preserved in the 
model with the transmission included. For instance, the framework gradually combines 
three layers in DA into a single, deterministic P100 layer in RT. This fits the 
characteristic of the wind forecast which is more accurate when the time frame moves 
closer to real time. Thus, it encourages the participation of wind in the power market.  
As shown in the case study, if a wind plant overestimates its output, it may fall short 
when it is closer to RT. Although some tolerance is acceptable (i.e., 50% in P50 and 25% 
in P75), these plants will be blocked from participating in the re-dispatch when it is closer 
to RT. Then, the deficiency due to the shortage of this plant will be opportunities for 
other power plants to generate more revenue. For instance, as shown in Table 5.7, due to 
its underproduction (or overestimation at the very beginning), W1 produces 10.39 MW 
less than scheduled. Then, W2 and W3 are dispatched to produce more MW after the P75 
incremental re-dispatch, i.e., W2 from 10 MW to 13.63 MW and W3 from 107.61 MW to 
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114.37 MW. Also, the rule prevents the possibility that a wind plant owner intentionally 
produces less than scheduled in P50 in DA and then re-bids in P75 in HA. On the other 
hand, if a wind plant underestimates its output while others have done better forecasting, 
it may lose the opportunity to sell the extra power because all loads are met. Therefore, 
the proposed model encourages wind owners to improve the accuracy of their wind 
power output forecasting.  
Since the framework encourages participation, a more competitive market can be 
achieved even with intermittent wind power. Yet, it is still very necessary to carry out 
future research considering an oligopoly system with a few large wind power owners, 
especially in the case of high-penetration of wind.  
It should be mentioned that the wind power plants, which can produce more than 
dispatched, will also be available to participate in the reserve market. A full model with 
the ancillary service market included can be a future topic. 
5.5 Conclusions 
In this chapter, a probability-driven, multi-layer framework to schedule the 
intermittent wind energy under high penetration is proposed. The key idea is to consider 
generation sources with different reliability, or probability of availability, as different 
“quality” of services. Multiple layers are established for buyers and sellers to trade 
electricity of different “quality” in the DA or HA market when the availability of future 
generation is subject to different probability. An analogy of the proposed framework, i.e., 
trading at different layers for different “quality” levels of electricity supply, is the 
shopping at different stores such as department stores and supermarkets for commodities 
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of different quality. Within a layer, we still have multiple generators to compete for the 
same group of loads. This is similar to the case that there are many different department 
stores competing for consumers willing to pay more for higher quality products, while we 
also have many supermarkets targeting lower end consumers.  
The proposed framework is naturally and implicitly integrated with the ongoing efforts 
of demand response (a.k.a. controllable loads or responsive load) and smart grid. This 
provides both buyers and sellers the opportunity to trade electricity at different levels of 
“quality”. A simple case study without transmission networks is presented to illustrate the 
basic concept.  
In addition, the probability-driven, multi-layer framework has been extended to 
include the model of transmission constraints. Case studies are also performed in a 
modified version of the PJM 5-bus system to verify feasibility and efficiency.  
Future works may include the consideration of unit commitment, ancillary service, and 
market power under the proposed framework. Also, detailed designs such as the choice of 




6 DISTRIBUTION LOCATIONAL MARGINAL PRICING BASED 
ON MODIEFIED DC POWER FLOW 
This chapter presents an implementation of nodal pricing philosophy in distribution 
systems. As distributed generations (DGs) become more widely deployed, distribution 
networks become more active and take on many of the same characteristics as 
transmission. Nodal pricing is proposed in this chapter in a similar manner to the pricing 
of short-term operations in transmission systems. As an economically efficient 
mechanism, nodal pricing will properly reward DG for reducing line losses through 
increased revenues and signal prospective DGs where they ought to connect with the 
distribution networks. Firstly, in order to formulate the Distribution LMP (DLMP) under 
a linearized manner, a modified DC power flow approach is introduced in this chapter to 
address the high R/X ratio challenge which makes distribution power flow different from 
transmission power flow. The applicability of the proposed method of modified power 
flow is shown by the simulation results of two different radial distribution systems. Then 
with the incorporation of the modified DC power flow methodology into the nodal 
pricing framework for distribution, DLMP is proposed to show significant price 
differences between buses reflecting high marginal losses. Moreover, the contribution of 
a DG resource located at the end of the network to significant reductions in losses and 
line loading is demonstrated. The DG resource has significantly greater revenue under 
nodal pricing, which reflects its contribution to reduced line losses and loading. The 
simulation is performed based on the modified DC power flow which well fits the 
linearized OPF framework for LMP calculation.  
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6.1 Concept of Modified DC Power Flow 
6.1.1 Derivation 
In the power flow problems, branch flow is modeled as the apparent power that is 
being delivered over a transmission or distribution line. Each end, sending or receiving, 
has its own power flow calculated by multiplying the end voltage with the conjugate of 







the impedance, resistance, reactance of the line connecting bus i and bus j. Let ij
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represents the voltage angle difference between bus i and bus j. The line flow equation 
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With further expansion of equation (6.1), by splitting the real and imaginary part, we 
have 
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Equation (6.3) can be demonstrated as 
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In distribution systems, Vi and Vj should be close because the distance between two 
nodes in a feeder is usually very small. When the value of ij

 is small enough, equations 
(6.6) and (6.7) can be further simplified as follows: 
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Similarly, reactive power flow can be formulated as 
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The formulation of real power flow is now decoupled into two components related to 
voltage magnitude and voltage angle, respectively, which are given by (6.8) and (6.9). k1 
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and k2 represent the coefficients from the line parameters. The R/X ratio among each line 
in distribution systems varies little since the distribution system is radial with a long 
feeder and the conductor in each section resembles. 
The voltage magnitude component in equation (6.6) and angle component in equation 
(6.7) follow certain ratio which is not only decided by the r, x setting but also by the 
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   (6.12) 
They can also be graphically expressed as shown in Figure 6.1. Let I be the line 
current, Vi and Vj are the bus voltage from the sending end and receiving end 
respectively. The red line (bold, horizontal) corresponds to the numerator, which is 
named the “δ component” since sin sini ij ij i jV       is mostly determined by δij, and 
the green line (bold, vertical) represents the denominator which is called the “V 









Figure 6.1. Branch flow components phase chart. 
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With the assumption of similar R/X ratio among each feeder section, (6.10) and 
(6.11) can be summed up as  
_1 1 [ ]ijP k B V    (6.13) 
_ 2 2 [ ]ijP k B     (6.14) 
Where [B] is the B matrix used to solve the traditional DC power flow. It should be 
noted that (6.13) and (6.14) align very well with the classic DC power flow formation, 
but with k coefficients and two components that are related to both voltage magnitude 
and angle.  
Similar to real power, reactive power flow can be derived from the equations below: 
_1 1 [ ]ijQ k B      (6.15) 
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According to equations (6.13) to (6.16), an extended B matrix, i.e., [eB] can be 
derived as Equation (6.19), and it is used to calculate the voltage magnitude and angle 
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Where the elements of J1, J2, J3 and J4 is the multiplication of k1 or k2 with the B matrix 
that is derived from the traditional DC power flow approach. 
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6.1.2 Discussion of the Difference from the Traditional View 
The key idea of the modified DC approach is trying to linearize the distribution 
systems with relatively constant R/X ratio such that similar philosophy can be used to 
derive one of the main components of the proposed distribution LMP, i.e., the partial 
derivatives of real and reactive power losses with respect to the real and reactive power 
demands. First of all, the traditional AC power flow has two classical iterative solutions: 
Newton-Ralphson (NR) and Fast Decoupled (FD) power flow methods. The Jacobian 
matrix in the Newton-Ralphson method is updated during each iteration while staying 
constant in the Fast Decoupled method. Secondly, the traditional DC power flow 
methodology completely neglects the Q-V equation, with the assumption that the voltage 
magnitudes are constant at 1.0 per unit. The real power balance equations reduce to a 
linear problem: 
[ ]P B     (6.20) 
With the advent of power system restructuring, the DC power flow has become a 
commonly used analysis technique in nodal pricing. However, the relatively higher R/X 
ratio in distribution systems makes the approach less favorable compared to its 
application in transmission systems. The answer can be revealed by analyzing equations 
(6.6) and (6.7). In traditional DC power flow approach, _1ij
P
from (6.6) is normally 
significantly smaller than _ 2ij
P
 from (6.7). Thus, it is being neglected and only _ 2ij
P
is 
considered to form equation (6.18). The assumption no longer holds true when applied to 
distribution systems with significant resistance value on each lines. The modified DC 
power flow is an approach that takes both real and reactive power into consideration but 
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requires only linear formulation and less time to solve. Below is a description of the 
difference of the modified DC power flow from the traditional view.  
1) The modified approach considers elements that are ignored in the traditional DC 
power flow method. It takes both real and reactive power into consideration, and it 
solves for both voltage magnitude and voltage angle without requiring iteration. 
2) According to Equations (6.6) to (6.11), power flow on each branch can be decomposed 
into two components with respect to voltage magnitude and voltage angle in the 
applied system with a high R/X ratio. While the traditional DC approach takes flat 
voltage profile assumption and only considers voltage angle, the modified DC 
approach considers both variables but takes advantage of the B matrix which is used in 
traditional DC power flow calculation to form an extended B matrix. This works for 
distribution system with a higher and uniform R/X ratio. The uniform R/X ratio is 
reasonable in a distribution feeder since it is usually made of the same conductor or the 
same family of conductor.  
The simulation results will be presented in Section 6.2 to show the feasibility of the 
modified DC power flow in distribution systems.  
6.2 Case Study of Modified DC Power Flow on Different Distribution Systems 
6.2.1 7-bus Radial Feeder 
The case study is firstly performed on a sample 7 bus distribution feeder as shown in 
Figure 6.2. R/X ratio has been set to 1.0 in this base case and all loads are assumed to 
have 0.9 lagging power factors. It has 5 small loads (5MW/2.42MVar at Bus 3, 4, 5, 6, 7) 





























Figure 6.2. Sample 7 bus distribution radial system. 
 
Table 6.1 shows the voltage profile on each bus. Table 6.2 and Table 6.3 show both 
real and reactive branch power flow under different R/X ratio as well as different load 
power factor. The modified DC results are then compared with accurate AC power flow 
results. It is not surprising to see very little error from both real and reactive power flow 
since the approach well maintains each component of the power flow equation from 










. This verifies that it is not reasonable to assume a flat profile of 
voltage magnitudes (i.e., |V|=1.0) with the traditional DC power flow approach under 
distribution systems. Thus, both voltage magnitude and angle should be considered, as in 
the proposed modified DC power flow. 
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Table 6.1. Voltage profile on each bus. 
Voltages 
Bus # Vm (p.u.) Va (Degree) 
1 1.0500 0 
2 1.0494 -0.0114 
3 1.0426 -0.1476 
4 1.0420 -0.1594 
5 1.0418 -0.1638 
6 1.0412 -0.1748 
7 1.0406 -0.1881 
 





R/X = 0.1 R/X = 0.5 R/X = 1.0 R/X = 1.5 R/X = 2.0 R/X = 3.0 
P error 
(%) 
1-2 0.0194 0.0972 0.1945 0.2919 0.3894 0.5848 
1-3 0.2982 1.5025 3.0356 4.6021 6.2055 9.5396 
3-4 0.0419 0.2135 0.4376 0.6734 0.9220 1.4647 
4-5 0.0284 0.1447 0.2970 0.4577 0.6278 1.0010 
5-6 0.0309 0.1578 0.3240 0.4994 0.6852 1.0930 




Table 6.2. Continued. 
Q error 
(%) 
1-2 0.3995 0.4001 0.4007 0.4013 0.4019 0.4032 
1-3 5.8165 5.9263 6.0717 6.2271 6.3938 6.7671 
3-4 0.8584 0.8760 0.8994 0.9246 0.9516 1.0127 
4-5 0.5826 0.5949 0.6114 0.6290 0.6480 0.6911 
5-6 0.6350 0.6486 0.6667 0.6862 0.7073 0.7549 
6-7 0.4786 0.4892 0.5032 0.5183 0.5346 0.5716 
 
Table 6.3. Real and reactive branch power flow error under different power factor with 
R/X = 1.0. 
 
Branch ID pf = -0.8 pf = 0 pf = 0.8 
P error (%) 
1-2 0.2462 0.1573 0.2450 
1-3 3.8633 2.4142 3.5947 
3-4 0.5613 0.3459 0.5198 
4-5 0.3813 0.2345 0.3522 
5-6 0.4160 0.2557 0.3839 







Table 6.3. Continued. 
Q error (%) 
1-2 0.3280 - 0.3275 
1-3 5.0855 - 4.9716 
3-4 0.7470 - 0.6967 
4-5 0.5077 - 0.4713 
5-6 0.5539 - 0.5138 
6-7 0.0849 - 0.0863 
 
It can be seen clearly that both real power and reactive power obtained from the 
modified DC power flow approach align very well with the AC power flow results. 
6.2.2 IEEE 33-bus Distribution Test System 
In this section, a study on a larger system is performed. The IEEE 33-bus radial 
distribution system is used. The system consists of 33 buses and 32 lines, one slack bus 
with base voltage 12.66 KV. The R/X ratio on each line varies from around 1.0 to 3.0, 
and load power factors differ at every bus. The system-wide average R/X ratio is applied 





Figure 6.3. Single-line diagram of the IEEE 33-bus distribution system. 
 
Figure 6.4 and Table 6.4 show both the real and reactive power flow from modified 
DC power flow as well as their mismatch from AC power flow. 
 






Table 6.4. Real and reactive branch power flow and error from AC results. 
Approach AC Power Flow Modified Power Flow 
Error 
 (%) 
Branch # P (MW) Q (MVar) P (MW) Q (MVar) P Q 
1 40.93 25.57 37.15 23.00 9.23% 10.05% 
2 36.09 23.24 32.55 20.80 9.82% 10.50% 
3 24.82 17.75 22.35 15.90 9.94% 10.43% 
4 23.25 16.77 21.15 15.10 9.05% 9.95% 
5 22.31 16.29 20.55 14.80 7.90% 9.17% 
6 11.26 5.56 10.75 5.10 4.49% 8.31% 
7 9.22 4.45 8.75 4.10 5.10% 7.77% 
8 7.00 3.29 6.75 3.10 3.61% 5.73% 
9 6.32 3.03 6.15 2.90 2.76% 4.35% 
10 5.66 2.78 5.55 2.70 1.94% 3.03% 
11 5.20 2.48 5.10 2.40 1.91% 3.26% 
12 4.58 2.13 4.50 2.05 1.80% 3.54% 
13 3.93 1.74 3.90 1.70 0.81% 2.04% 
14 2.72 0.92 2.70 0.90 0.66% 1.88% 
15 2.11 0.81 2.10 0.80 0.53% 1.37% 
16 1.51 0.61 1.50 0.60 0.39% 1.19% 
17 0.90 0.40 0.90 0.40 0.11% 0.20% 
18 3.62 1.62 3.60 1.60 0.51% 1.08% 
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Table 6.4. Continued. 
19 2.72 1.22 2.70 1.20 0.58% 1.23% 
20 1.80 0.80 1.80 0.80 0.13% 0.35% 
21 0.90 0.40 0.90 0.40 0.08% 0.22% 
22 9.46 4.62 9.30 4.50 1.70% 2.61% 
23 8.51 4.08 8.40 4.00 1.26% 2.07% 
24 4.22 2.02 4.20 2.00 0.51% 0.83% 
25 9.76 9.93 9.20 9.50 5.73% 4.33% 
26 9.11 9.66 8.60 9.25 5.62% 4.20% 
27 8.45 9.37 8.00 9.00 5.35% 4.00% 
28 7.65 8.99 7.40 8.80 3.22% 2.15% 
29 6.30 8.17 6.20 8.10 1.65% 0.85% 
30 4.23 2.13 4.20 2.10 0.79% 1.58% 
31 2.70 1.40 2.70 1.40 0.15% 0.35% 
32 0.60 0.40 0.60 0.40 0.03% 0.10% 
 
6.3 The Proposed Distribution LMP Modeled 
6.3.1 Review of the Existing Distribution LMP Approaches 
In this section, a brief review over existing approaches for LMP formulation in 
distribution systems is introduced. There are only a few previous works discussing the 
Distribution LMP in the literature. The earlier ones adopt marginal losses coefficients as 
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a source of contribution to form Distribution LMP [55-57], while Hosseinian et al. use 
Game Theory as an alternative approach to model the spot price in distribution systems 
[58].  
First of all, the existing Distribution LMP (DLMP) all consisted of two parts: active 
power price DLMPP and reactive power price DLMPQ. In the marginal loss approaches 


























where p and q represent the active power and reactive power, respectively; i is the bus 
index; and    stands for the active power price at the feeder, i.e., reference bus. Reactive 
power price at reference has been treated negligible in the past, i.e. it is set to zero. 
Finally, ,p iDLMP  and ,q iDLMP are the price of non-reference bus i. 

















are calculated from the power flow solutions.  
The game theory approach investigates the nodal pricing only at the DG connected 
buses. DGs have been considered as players of a cooperative game for allocating loss 
reduction. The iterative method for DLMP calculation starts from DG cost function and 
the previous price to predict the next generation output, then the incremental price change 
is decided by the amount of allocated loss reduction and the generation output. Finally 
 
 108 
the price in the next iteration is updated by adding the incremental price change.  The 
entire process ends when a predefined termination criterion is satisfied. 
6.3.2 Production Cost of Reactive Power 
The reactive power generation reduces the capacity to produce more active power as 
it is inferred from the generator capability curve, which is shown in Figure 6.5. The cost 
to produce reactive power can be modeled as financial losses when active power is not 
generated. The highest value of the alternative capacity usage is defined as the 
opportunity cost of reactive power. 
 
Figure 6.5. Loading capability diagram [66]. 
 
6.3.3 Derivation of DCOPF Based Model 
The objective function of the DCOPF model is the minimization of the total 
production cost for both active and reactive power. The voltage magnitudes are now state 
variables, as opposed to 1.0 in traditional DCOPF for LMP model. The congestion 
constraints are ignored because radial distribution feeders usually have enough capacity 
to support all connected loads. Instead of having only active power balance constraints in 
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the existing approaches, the reactive power balance is also considered here. Thus, the 
algorithm for Distribution LMP can be formulated as follows: 
Min , , , ,
1
( ) ( )
N
p i g i q i g i
i
C P C Q

  (6.23) 
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                2 1injLoss i i i
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P P k B k B V         (6.26) 
                  1 2injLoss i i i
i i
Q Q k B k B V          (6.27) 
                 
min max
, , ,g i g i g iP P P  , for i = 1, 2, …, N (6.28) 
                 
min max
, , ,p i p i p iQ Q Q  , for i = 1, 2, …, N (6.29) 
              
min max
i i iV V V  , for i = 1, 2, …, N (6.30) 
 
where N is the number of buses; Cp,i and Cq,i are production cost of active power and 
reactive power, respectively; Pg,i and Qg,i are generation dispatch of active power and 








 are maximum and 
minimum active and reactive generation output at Bus i; Pd,i and Qd,i are active and 
reactive demand at Bus i; PLoss and QLoss are the total active power losses and reactive 
power losses; and iB is the i
th
 row in the B matrix. 
PLoss and QLoss defined in Equations (6.26) and (6.27) take the form of the modified 
DC power flow approach that is proposed earlier in this Chapter. The right hand side of 
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the equations represents the total amount of real and reactive injection, which is also 
equal to the total real power losses and reactive power losses. With the unified R/X ratio 
assumption, the simplified loss formulation can be seen as a set of linear equations.  
In the traditional DC power flow paradigm, Generation Shift Factor (GSF) has been 
widely used in DCOPF problems. It is based on DC power flow and superposition. The 
physical meaning of GSFk-i is the amount of the increased flow on branch k for every 
1MW injection in bus i.  B matrix is the computational approach to obtain GSF. The 
same philosophy can be extended when we consider both real and reactive power in 
distribution feeders. As shown in Figure 6.6, 1 MW of real injection (Bold solid line) or 1 
MVar of reactive injection (Bold dashed line) will cause increase of both real power flow 
Pij and reactive power flow Qij on branch i-j. 
 
 
Sij = Pij + Qij 
 
  
  1 MW 1 MVar 
 




The extended GSF can be calculated using Equation (6.31). Details are discussed 
next. 
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 (6.31) 
By taking out the rows and columns that are associated with the slack bus, equation 
(6.31) is reformed as shown in Figure 6.7. The branch based modified B matrix has an 
order of 2(n-1) × 2(n-1). With the closely coupled P and Q in distribution systems due to 
the high R/X ratio, the conventional GSF should be expanded to four components, GSFPP, 
GSFPQ, GSFQP and GSFQP, which means the sensitivity of real/reactive power flow at a 
line versus the real/reactive power at a bus, respectively. To calculate the new GSF, we 
can set the injection of the vector of real and reactive power to be  
T
0, 0,  0 . 
Then, the real power of bus i is set to 1 to formulate the vector similar to 
 
T
0, 1,  0  to calculate δ and V, which can be used to calculate line flows, real 
and reactive. Thus, we can obtain GSFPP and GSFPQ.   
Then, we can set the reactive power of bus i to 1 to calculate δ and V, which can be 
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Figure 6.7. Formulation of the extended GSF. 
 
After GSF is obtained, a form of expression for PLoss and QLoss that can be broken 
down to GSF data and nodal injection once the system has been linearized. Thus, PLoss 
and QLoss defined in (6.32) and (6.33) that use the square of apparent power and the line 
resistance Rk and reactance Xk is adopted to the derivation of the marginal loss 
coefficient. Sk
2
 in Equation (6.34) is the apparent power. Pk and Qk are real and reactive 
power flow through the line k. 
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It should be noted that PLoss and QLoss are unknown because Pi and Qi are unknown 
before any dispatch is performed. One way to address this is to run an accurate AC power 
flow to obtain an estimated active power losses and reactive power losses. Then, the 
estimated losses will be used to obtain new dispatch results. The iterative DCOPF 
approach uses the dispatch results from the l
th
 iteration to update Pi, Qi, PLoss, and QLoss 
for the (l+1)
st
 iteration. Therefore, within each iteration, a linear-programming-based 
DCOPF using GSF data obtained from (6.31) is solved. The iterative process is repeated 
till the convergence stop criteria are reached. After converged, the LMP can be obtained 
easily from the final iteration. 
After obtaining the optimal solution of generation scheduling, the DLMP at any bus 
can be calculated with the Lagrangian function. This function and LMP can be written as 
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are the shadow price of the active power and reactive power balance 







































k PP k i i PP k i i PP k i
k i i
M n n
k QP k i i QQ k i i QP k i
k i i
R GSF P GSF P GSF





      








k k PP k i k QP k i
k
R P GSF Q GSF 




































k PP k i i PP k i i PQ k i
k i i
M n n
k QP k i i QQ k i i QQ k i
k i i
R GSF P GSF P GSF





      








k k PQ k i k QQ k i
k
R P GSF Q GSF 




































k PP k i i PP k i i PP k i
k i i
M n n
k QP k i i QQ k i i QP k i
k i i
X GSF P GSF P GSF





      










k k PP k i k QP k i
k
X P GSF Q GSF 




































k PP k i i PP k i i PQ k i
k i i
M n n
k QP k i i QQ k i i QQ k i
k i i
X GSF P GSF P GSF





      








k k PQ k i k QQ k i
k
X P GSF Q GSF 

      (6.41) 
It should be noted that the Distribution LMP formulation has two parts, real power 
price ,p iLMP  and reactive power price ,q iLMP . Instead of considering just the real power 
losses in the existing approaches, reactive power loss has been introduced in the DCOPF 
model. Taking into account the reactive power price as well as the loss coefficients, i.e., 
real power losses and reactive power losses with respect to nodal real and reactive power, 
the new Distribution LMP formulation contains a more comprehensive structure than the 
previous ones in the literature [55]. This extension under linearized framework is 
achieved by adopting the constant Jacobian matrix made for power flow analysis under 
unified R/X ratio as well as the apparent power flow for the loss coefficient calculation. It 
also indicates that the reactive component of the LMP should not be ignored as 
commonly done in the transmission network. 
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6.3.4 Test Results with DG and without DG 
The same system as shown in Figure 6.2 is used to perform the study. Assume the 
price of the generator at the power supply point (PSP), i.e., bus 1, is assumed to be $30 
per MW for the real power while the reactive power production cost is set to be zero. It 
will be analyzed the variation of the system load assuming that the daily load change has 
a behavior shown in Figure 6.8. 



























Figure 6.8. Daily load curve. 
 
Then the optimization of the system using model defined in Equation (6.31) to (6.37) 
is performed. Distribution LMP (DLMP) for both real power (DLMP_P) and reactive 
power (DLMP_Q) without the integration of DG is shown in Figures 6.9 and 6.10. The 
real and reactive power on the slack bus has a constant price over time while bus 2 has 
little price variation since its loading level is much smaller and it has larger impedance on 
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the branch where it is connected. The variation of both real power price and reactive 
power price follows the daily load change pattern from bus 3 to bus 7.  





































Figure 6.9. Hourly DLMP for real power. 
































Figure 6.10. Hourly DLMP for reactive power. 
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Single DG placement is then simulated in different buses. It is assumed that DG 
resource has a marginal cost that is lower than the PSP price at all the time period. It can 
be expected that the DG integration would reduce the system losses as well as improving 
the voltage profile. In this case, real power loss can be reduced by almost 30% when DG 
placement on bus 7 according to Figure 6.11. 
 
Figure 6.11. Hourly real power losses with and without DG presence. 
 
The selection of DG integration point will impact the line flow results as well as the 
total loss. Daily real power loss versus DG integration bus is shown in Figure 6.12. It can 
be seen that better loss reduction will be achieved when DGs are integrated more close 
toward end buses.  
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Figure 6.12. Hourly real power loss with DG connected at different buses. 
The formulation to calculate DG resource’s revenue under nodal pricing scheme is 
expressed in Equation 6.38. The DG revenue generated from both PSP price and DLMP 
scheme are shown in Table 6.5. The difference in revenue between receiving the nodal 
price and single PSP price reflects the contribution to the reduction in losses. 
, ,
, , , ,
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Table 6.5. DG daily revenue under single price and nodal price scheme  




In this chapter, first of all, a modified DC power flow approach is introduced to 
illustrate the applicability of the linearized method in the radial distribution system. Since 
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the line parameters in each section resembles along the feeder, by splitting the AC power 
flow formulation into two components with respect to the voltage magnitude and voltage 
angle, a constant matrix stemmed from B matrix can be obtained to solve the distribution 
power flow. The simulation results of two different sized distribution test systems show 
consistency from the accurate AC approach for both real and reactive line flow. 
Secondly, a linearized system formation can be derived from the modified DC approach, 
so the power flow in distribution systems has been employed to model the distribution 
LMP problem.  
Furthermore, linearized distribution LMP model considering both the real and 
reactive energy balance constraints is introduced. In the optimization problem, real power 
losses and reactive power losses are modeled in a way such that the branch based method, 
i.e., generation shift factor, can be used to find the optimum solution in terms of all the 
marginal loss coefficients. The proposed DLMP could be reflected by both active and 
reactive shadow price. The case study with and without DG placement are both 
performed to show the effectiveness of the model in increasing the DG revenue as well as 
reducing the system losses. It should be noted that congestion is not a common issue in 
distribution systems since feeders usually have the capability to carry all loads under 
normal operations. Therefore, line flow constraints are not considered in the illustration. 
But the proposed DLMP method can be easily extended to capture the congestion 
components if needed. 
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7 CONCLUSIONS AND FUTURE WORKS 
7.1 Conclusions and Contributions 
The dissertation proposal first, investigates the mathematical programming model, 
which produce the generation dispatch solution for the ex post LMP. The existing 
approach fails to meet the premise that ex post LMP should be equal to ex ante LMP 
when all the generation and load combinations in RT operation remain the same as in DA 
market. Thus, a similar yet effective approach which is based on a scaling factor applied 
to the ex ante dispatch model is proposed, this is a correction to ensure the identical 
LMPs at ex post and ex ante, as well as enabling ex post LMP to properly serve its 
original purpose. 
Then, the step change characteristic of LMP and the Critical Load Level (CLL) effect 
are investigated together with the stochastic wind power to evaluate the impacts on the 
market price volatility from the intermittent wind power. A lookup table based Monte 
Carlo simulation has been adopted to capture the probabilistic nature of wind power as 
well as assessing the probabilistic distribution of the price signals. Rules of thumb are 
drawn regarding the probabilistically calculated LMP and the correlation coefficients. 
These can serve as valuable guideline to help the market participants make better bidding 
strategy. 
In order to encourage participation of renewable generation in the market, a 
probability-driven, multilayer framework is proposed for ISOs to schedule intermittent 
wind power and other renewables. The fundamental idea is to view the intermittent 
renewable energy as a product with a lower quality than dispatchable power plants, such 
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as thermal or hydro plants, from the operator’s viewpoint. The proposed scheduling 
framework has been studied on a modified PJM 5-bus system with the consideration of 
the transmission constraints. Overall, the new concept that is used to handle the 
scheduling problem with uncertainty greatly relieves the intensive computational burden 
of the stochastic Unit Commitment (UC) and Economic Dispatch (ED). 
Finally, the rapidly growing distributed generation (DG) is penetrating the 
deregulated electricity market, transforming distribution network into an active instead of 
passive characteristics that is very similar to the transmission network. A linearized 
distribution LMP model is introduced. The key idea is a modified DC power flow model 
which considers the coupling effect of P and Q in distribution feeders with a high R/X 
ratio. This model is still linear, but contains both δ and V. Thus, it differs from the 
conventional DC power flow algorithm for transmission in the sense that it considers the 
coupling of P and Q. Therefore, the proposed DLMP contains components related to both 
real and reactive shadow prices. Simulation results clearly show that with the nodal 
pricing scheme, increased revenue for DG owner is expected. In addition, DG presence 




7.2 Future Works 
The following issues may be undertaken and integrated as future work of this 
dissertation. 
 On Ex Post LMP: 
o To study the loss model with the proposed solution. 
o To investigate the impact when generators and loads do not perform 
ideally, i.e., different from the ex ante schedules. 
 On Multilayer Scheduling Framework for Renewable Generations: 
o To investigate the impact of unit commitment, ancillary service, and 
market power under the proposed framework.  
o To improve the existing framework toward a detailed design such as the 
choice of layers in different markets and possible penalty rules. 
o  To incorporate a more sophisticated robust design strategy in building the 
scheduling system. 
 On Distribution LMP (DLMP): 
o To investigate the reactive power cost using a more sophisticated 
optimization approach. 
o To employ compensation based power flow method in solving the OPF 
problem as well as deriving the marginal loss coefficient. 
To study the possible DLMP formulation under three-phase unbalanced distribution 
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